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We study the behavior of charged particles produced in association with Drell-Yan
lepton-pairs in the region of the Z-boson in proton-antiproton collisions at 1.96 TeV.
We use the direction of the Z-boson in each event to define ‘toward’; ‘away’, and
‘transverse’ regions. For Drell-Yan production (excluding the leptons) both the ‘toward’
and ‘transverse’ regions are very sensitive to the ‘underlying event’, which is defined as
everything except the two hard scattered components. The data are corrected to the
particle level and are then compared with several PYTHIA models (with multiple parton
interactions) and HERWIG (without multiple parton interactions) at the particle level (i.e.
generator level). The data are also compared with a previous analysis on the behavior
of the ‘underlying event’ in high transverse momentum jet production. The goal is to
produce data that can be used by the theorists to tune and improve the QCD Monte-Carlo

models of the ‘underlying event’ that are used to simulate hadron-hadron collisions.
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CHAPTER 1
INTRODUCTION: THE STANDARD MODEL AND THE QCD

1.1 Overview

The focus of particle physics! is on our basic understanding of nature, leading to
a more fundamental knowledge of matter, energy, time and space. The standard model
of particle physics, summarized very briefly in the next section, provides a remarkably
accurate description of elementary particles and their interactions. However it is
incomplete in many respects, and experimental observations point to the possibilities of
major discoveries in current and future high energy high energy particle colliders. In order
to find new physics in these colliders, it is essential to have a very good understanding
of the current physics, and that has been the motivation for this work. This is especially
important now in view the large amount of good quality data we are getting from the
Tevatron, currently the world’s highest energy particle collider, and the new Large Hadron
collider (LHC) starting up in Geneva, Switzerland.

1.2 Standard Model of Particle Physics

Four fundamental forces had been recognized to exist in nature. Gravity was first
described accurately by Issac Newton but later underwent a profound reformulation in
Albert Einstein’s theory of general relativity, where it is understood to arise from the
curvature of dynamical spacetime. Electromagnetic force is well described by Maxwell’s
equations and is responsible for interactions among the charged particles. The weak force,
the third of the fundamental forces, is the mediator of processes involving neutrinos -
nuclear beta decay is an example. Finally the strong force is describes the interactions

between the so called ‘colored’ (color is essentially another quantum number, analogous

L Often called high-energy physics. It is not the high-energy which is studied, but high-energy is used
as a tool.
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to electric charge) components, the quarks, which do not exist freely in nature but are the
constituents of neutrons, protons, pions and many other subnuclear particles.

In mid 1960’s, the Weinberg-Salam model of electroweak interactions [1] put together
electromagnetic interactions and the weak force into an unified framework. The theory
is initially formulated with four massless particles that carry the forces. A process of
symmetry breaking gives mass to three of these four particles - the W, the W~ and
the Z°, which particles are the carriers of the weak force. The particle that remains
massless is the photon, which is the carrier of the electromagnetic force. This theory
is termed as Quantum Electrodynamics (QED), as this a quantum version of the
classical electrodynamics. We extend the theory to describe the strong color force and
that is termed Quantum Chromodynamics (QCD) [2]. It is analogous to Quantum
Electrodynamics, but contains color charges except electrical charges. Asymptotic freedom
guarantees that perturbative expansions mostly fail - so deriving analytic results from the
theory is extremely difficult. The carriers are the color force are eight massless colored
gluons, and just like the quarks, they can not be observed in isolation.

The electroweak theory, together with QCD form the standard model [3] of particle
physics. So far, we have mentioned the twelve force carriers, which are all spin zero or
spin one bosons. The matter particles are spin half fermions, and are of two types, leptons
and quarks. The leptons include the electron, the muon and the tau and the associated
neutrinos for each of those. Since we must include their antiparticles, they add up to a
total of twelve leptons. There are six different types of quarks, called flavors for historical
reasons and the flavors are up, down, charm, strange, top and bottom. Each of these
six quark flavors comes in three different colors, so including the colors and associated
antiquark for each of them we end up with a total of thirty-six quarks - they in different
combinations constitutes the hadrons. Figure 1-1 depicts the components of the standard
model as described above. The quarks and gluons constituting the hadrons are often

termed as partons.
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Three Generations of Matter

D Farmilab 95759

Figure 1-1. Components of The Standard Model of particle physics (Figure credit:
DOE/Fermi National Accelerator Laboratory)

Standard Model summarizes current knowledge and is very much consistent with the
available data. However it has significant shortcomings. It does not include gravity and
that prevents any unified theory of all the forces. Standard Model admits only massless
particles and we need spontaneous electroweak symmetry breaking to produce masses.
This is the so called Higgs Mechanism [4], implementing which results in yet undetected
Higgs Boson(s). The Higgs mechanism not only provides symmetry breaking and particle
masses but also controls the high energy behavior of weak interactions. Apart from this,
we do not know why the typical energy scale associated with the electroweak symmetry
breaking (roughly, the typical size of all masses of elementary particles) is so much (10
times) smaller than the Planck energy - which is known as the hierarchy problem. In fact
there are about twenty parameters in standard model, such as masses and the couplings

and mixing angles, that need to be put in by hand.
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One of the popular alternatives is a more complete version of the Standard Model
including Supersymmetry [5] - where every fundamental fermion has a superpartner which
is a boson and vice versa. Since all matter particles are fermions and all force carriers are
bosons, this symmetry unifies matter and force. Another alternative is String theory [6],
which tries to unify gravity with the Standard Model. However, neither of these have been

experimentally verified.
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CHAPTER 2
THE EXPERIMENT: TEVATRON

2.1 Introduction

Rutherford’s alpha particle scattering experiment was the the first demonstration
that we need high energy particle scattering to probe deeper. To achieve good space
resolution, i.e. to probe small distances, we need high center of mass energy of the
particles scattering. Another reason for needing high energy is new particle production - a
heavy particle would only be created if there is at least equivalent energy available. Very
high energy collisions occur naturally in cosmic ray interactions and they also occurred
in the early moments of our universe according to big bang cosmology. Both of these
sources provide useful information, but systematic experimentation at high energy particle
accelerators has proven to be much more useful. The particle accelerator experiments
are of two types. In fixed target mode, accelerated particles hit set targets and we end
up with fast moving light particles. Later came the collider mode experiments, in which
counterrotating beams of particles produce head-on collisions, producing comparatively
slowly moving, but heavier particles, since there is more center of mass energy available.
The main advantage of colliding beams is that the total energy of the two beams is
available for producing new particles, while in fixed-target experiments, much of the
energy goes toward moving forward the particles those result from the impact with the
target.

The hadronic colliders, where a proton is collided with either an antiproton (as in
Tevatron in Fermilab) or with a proton (as in Large Hadron Collider in CERN) provide a
convenient way to probe high energy domains and QCD predictions. The advantages of
colliding hadrons are that, being heavier than leptons, lose much less fraction of energy
by synchrotron radiation and the effective cross section is higher because of color degrees
of freedom. However, leptonic colliders (LEP in CERN, proposed International Linear

Collider) are much more ‘cleaner’; as all the processes are just QED processes, resulting
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Figure 2-1. Fixed target and collider mode (Figure credit: Fermilab public webpage)

in smaller backgrounds and lesser multiplicities. However, we would be discussing hadron
collisions in this dissertation, since the data we would be looking at came from proton
antiproton collision at Tevatron in Fermi National Accelerator Laboratory near Chicago in
[linois.
2.2 The Tevatron

Tevatron is the highest energy particle collider in the world, colliding protons
(sometimes would be referred as, p) and antiprotons (sometimes would be referred as,
P) at a center of mass energy of 1.96 TeV'! . Fermilab uses a series of accelerators [7] to
separately accelerate the protons and antiprotons to 980 GeV. The paths taken by p and p
from initial acceleration to collision in the Tevatron is shown in the schematic diagram in
Figure 2-1.

In the first stage, hydrogen gas is ionized to H~ ions and accelerated electrostatically
to a kinetic energy of 750 KeV in the Cockcroft-Walton pre-accelerator [8], which is

effectively a giant capacitor. Next, the H~ ions enter a linear accelerator (Linac) [9],

1 Stands for Tera electronVolt, equivalent to 10'2 times the energy gained by a single unbound electron
when it is accelerated through an electrostatic potential difference of one volt, in vacuum.
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Figure 2-2. Schematic layout of the Fermilab accelerator complex. Protons (solid arrow)
are accelerated at the Cockcroft-Walton, Linac, Booster, Main Injector and
finally at the Tevatron. The antiprotons (dashed arrow) from the antiproton
source are first accelerated at the Main Injector and then at the Tevatron
(Figure Credit: Fermilab public webpage).

approximately 150 m long, where they are accelerated to 400 MeV. An oscillating electric
field in the Linac’s Radio Frequency (RF) cavities accelerates the ions and groups them
into bunches. The force of the field acting on the ions accelerates them while they are in
the cavities. The force of the field decelerates the ions they move through the RF-shielded
drift tubes. Before entering the next stage, a carbon foil is used to remove the electrons
from the H~ ions, leaving only the bare protons. The 400 MeV protons are then injected
into the Booster, a circular rapid-cycling synchrotron of 74.5 m in diameter [9], with
conventional magnets to focus and steer the beam. The protons travel around the Booster
to be accelerated to a final energy of 8 GeV by another series of of RF cavities.

To produce antiprotons, protons from the Booster are accelerated to 120 GeV by the
Main Injector [10] and collided with a nickel target [7]. This produces a wide spectrum
of secondary particles, including antiprotons. About 20 antiprotons are produced per
one million protons, with a mean kinetic energy of 8 GeV. The antiprotons are focused

by a lithium lens and separated from other particle species by a pulsed magnet. The
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collider requires narrow beams, so the transverse motion of the antiprotons are reduced
in the Debuncher synchrotron. Since this process reduces the kinetic energy spread, it is
referred to as ‘cooling’ the beam. They are collected and further cooled using stochastic
cooling [11] in the 8 GeV Accumulator ring. It takes between 10 and 20 hours to build
up a ‘stack’ of antiprotons which is then used for collisions in the Tevatron. Antiproton
availability is most often the limiting factor for attaining high luminosities.

Once a sufficient number of p are collected, the stacks of protons and antiprotons
are transferred to the Main Injector [10] for acceleration to 150 GeV and injection into
the Tevatron [7]. The Main Ring is a 1 km in radius, rapid-cycling synchrotron ring with
3.5 kGauss conventional dipole magnets for steering the beam, quadrupole magnets for
focusing, and an RF cavity that accelerates the p to 150 GeV before they are injected
into the Tevatron. The stacks contain 36 bunches, with a proton bunch containing around
3 x 10 protons and antiproton bunch containing around 3 x 10'° antiprotons. The same
magnetic field in the Main Ring and Tevatron bends the p and p beam in the opposite
direction, since they are oppositely charged. The Tevatron is the last stage of Fermilabs
accelerator chain and it is 6.28 km in circumference. It receives 150 GeV p and p from
the Main Injector and accelerates them to 980 GeV using superconducting magnets
producing a magnetic field of 4.2 T. Quadrupole magnets focus the p and p bunches so
that they collide at two points, termed B0 and D0. The two collider detectors, the Collider
Detector at Fermilab (CDF) and D@ are built around the collision points, which observe
the collisions, recognize the particles that are coming out and record the data for later
analysis. This analysis uses data collected by the CDF experiment, and hence we would be
describing in detail the CDF detector. CDF is international collaboration of 635 physicists
from across 15 countries, spanning 63 institutions.

2.3 Collider Coordinates
Before describing the CDF detector in detail, we will need to know the coordinate

system employed. In CDF the positive z-axis lies along the incident proton beam
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direction, ¢ is the azimuthal angle, 6., is the polar angle, and pr is the component of

momentum in the transverse plane, as shown in Figs. 2-2 and 2-3.
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Figure 2-3. Defining collider coordinates: z-axis and polar angle 6
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Figure 2-4. Defining collider coordinates: transverse momentum and 7 — ¢ space

The rapidity is defined as y = %ln(%). For massless particles (which are a good
approximation for the decay products of almost anything in a collider), the rapidity y
reduces to the pseudorapidity,

n = —Intanf.,/2 (2-1)

1 — ¢ space corresponds to a rectangular coordinate system in which 7 is plotted on one
axis and ¢ is plotted on the other. The direction of an outgoing particle is represented by
a point in 1 — ¢ space. Particles traveling in the same direction lie near each other in n — ¢
space (i.e. small distance d). Collider detectors are designed so that each detector element

covers the same area in 17— ¢ space. The primary reason for using the rapidity, as shown in
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Figure 2-4, in place of the polar angle is that differences of rapidity are Lorentz invariant
for boosts along the z (or the rapidity) axis. In Figure 2-4, the sphere has lines drawn

at pseudo-rapidity intervals. The cylinder is after the transformation to pseudo-rapidity
space. We can clearly see that n — ¢ coordinates exploit the cylindrical symmetry better.

The table in Figure 2-4 shows how the polar angle is mapped into pseudorapidity.
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Figure 2-5. Advantage of using 7-¢ coordinates and mapping of polar angle to
psuedorapidity

2.4 The CDF Detector

2.4.1 Overview

The CDF Run II detector [12], in operation since 2001, is an azimuthally and
forward-backward symmetric solenoidal particle detector designed to study pp collisions
at the Tevatron. It is a multipurpose detector, meaning the design is not aimed at one
particular physics measurement, but rather at extracting generally useful information
about the created particles. It combines precision charged particle tracking with fast
projective calorimetry and fine grained muon detection. The CDF detector is shown in
Figure 2-5 with a quadrant cut out to reveal the different sub-detectors, arranged coaxially
around the beam-pipe, which are described next.

The momentum component of all hadrons, electrons, muons and photons transverse
to the beam axis are measured (particles that escape along the beam pipe have negligible

transverse momentum) and any significance imbalance in transverse momentum, termed as
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Figure 2-6. Schematic diagram of the CDF Run II detector (Figure credit: CDF public
webpage)

missing energy can be attributed to penetrating neutral particles (mostly neutrinos) which

have passed undetected.

We will describe how electrons, muons and charged tracks, which are used in this
analysis are identified and reconstructed in the relevant detector components in greater
detail in Chapter 6.

2.4.2 Tracking Systems

Tracking systems are the innermost component and are contained in a superconducting
solenoid, 1.5 m in radius and 4.8 m in length, which generates a 1.4 T magnetic field
parallel to the beam axis. It is designed to detect charged particles and measure their
momenta (curvature gives the momentum and sign of charge) and displacements from the
point of collision, termed the the primary interaction vertex. The inner, high resolution
section built of silicon detects the decays of short lived particles and the outer tracker
is optimized for momentum measurement. The tracking system consists of a silicon
microstrip system [13] and of an open-cell wire drift chamber [14] that surrounds
the silicon. The silicon microstrip detector consists of seven layers (eight layers for
1.0 < |n| < 2.0) in a barrel geometry that extends from a radius of r = 1.5 cm from the

beam line to r = 28 cm. A silicon tracking detector is a effectively a reverse biased p-n
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junction. A charged particle passing through the detector causes ionization producing
electron-hole pairs in the semiconductor material. Electrons drift toward the anode, and
holes drift toward the cathode, where the charge is gathered. By segmenting the p or n
side of the junction into ‘strips’ and reading out the charge deposition separately on every
strip, the position of the charged particle is measured. The layer closest to the beam pipe
is a radiation-hard, single sided detector called Layer 00 (L00). The remaining seven layers
are radiation-hard, double sided detectors. The first five layers after Layer 00 comprise the
silicon sensors (SVXII) and the two outer layers comprise the Intermediate Silicon Layers
(ISL) system. This entire system allows track reconstruction in three dimensions.

Surrounding the silicon detector is the Central Outer Tracker (COT) [14], a
3.1-m-long long cylindrical drift chamber covering the radial range from 40 to 137 cm.

It is filled with with fast gas (50% argon, 50% ethane) to make drift times small enough
so that the hits can be read out between each Tevatron bunch crossing. It is organized
into 8 alternating superlayers of 4 stereo (~ 2°) and 4 axial wire planes, providing 96
mesaurements layers. A COT cell has 12 sense wires oriented in a plane, at ~ 35° with
respect to radial direction for Lorentz drift, a group of such cells at given radius forms a
superlayer (SL). The COT provides coverage for |n| < 1.

A Time-of-Flight (TOF) detector [15], based on plastic scintillators and fine-mesh
photomultipliers is installed in a few centimeters clearance just outside the COT. The
TOF resolution is + 100 ps and the timing information from the TOF can be combined
with the momentum measurement from the COT to deduce a particle’s mass. The default
COT tracking algorithm first reconstructs track segments in each of eight superlayers.
It checks for hits loosely consistent with a straight line, using a tolerance of 20 ns. The
identified hits in each segment are then fit to a circular trajectory.
2.4.3 Calorimeters

Segmented electromagnetic and hadronic sampling calorimeters [16] surround the

tracking system and measure the energy of interacting particles. Particles make showers
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which deposit energy and are sampled via their ionization. A high energy jet is seen as a
localized peak of hadron energy in a small group of adjoining calorimeter cells , interpreted
as originating in one or several nearly collinear quarks or gluons with corresponding energy
and direction.

The major mode of energy loss of electrons or positrons interacting with matter at
high energies is through radiation of photons (i.e. bremsstrahlung: e~ — ~ + ¢7). For
high energy photons the dominant interaction process is pair production (i.e. v — ete™).
An electron or photon through these two processes to produces a shower of photons and
electrons in the calorimeter. This phenomena, termed as an electromagnetic (EM) shower
[17, 18] is shown in Figure 2.6. The shower develops until the energy reaches a critical
energy (approx 600 MeV) and ionization losses equal those of bremsstrahlung. A similar
phenomena occurs when hadron interact with matter, which is referred to as a hadronic
shower. An incident hadron undergoes an inelastic collision with nuclear matter in the
detector resulting in secondary hadrons. These hadrons also undergo inelastic collisions.
As many different processes contribute to the development of a hadronic shower, the

modeling of the shower is much more complex than an EM shower.
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Figure 2-7. Development of an electromagnetic shower

The calorimeter has a projective tower geometry; it is segmented in n and ¢ towers
that point to the interaction region. The coverage of the calorimetry system is 27 in ¢

and |n| < 4.2 in pseudo-rapidity. The calorimeter system is divided into three regions
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from smallest 1 to largest: central, plug and forward. Each calorimeter tower consists
of an electromagnetic shower counter followed by a hadron calorimeter. This allows for
comparison of the electromagnetic and hadronic energies deposited in each tower, and
therefore separation of electrons and photons from hadrons. The central electromagnetic
calorimeter (CEM) uses lead sheets interspersed with polystyrene scintillator as the active
medium and employs phototube readout. The central hadronic calorimeter (CHA) uses
steel absorber interspersed with acrylic scintillator as the active medium. The central
calorimeters (and the endwall hadronic calorimeter) cover the pseudorapidity range
In| < 1.1(1.3). The plug calorimeters cover the pseudorapidity region 1.1 < |n| < 3.64.
They are sampling scintillator calorimeters with gas proportional chambers which are read
out with plastic fibers and phototubes.
2.4.4 Muon Chambers

The muon system [19] resides beyond the calorimeters. When interacting with
matter, muons act as minimally ionizing particles (low bremsstrahlung radiation due
to their relatively large mass); they only deposit small amounts of ionization energy in
the material. They are the only particles likely to penetrate both the tracking and five
absorption lengths of calorimeter steel, and leave tracks in the muon detection system.
The CDF detector has four muon systems: the Central Muon Detector (CMU), Central
Muon Upgrade Detector (CMP), Central Muon Extension Detector (CMX), and the
Intermediate Muon Detector (IMU). CMU consists of four layers of planar drift chambers
and detects muons with pr > 1.4 GeV /c. The CMP’s are additional four layers of planar
drift chambers instrument and detects muons with pr > 2.0 GeV/e. CMX detector is
made of drift cells and scintillation counters, which are used to reject background based
on timing information. Using the timing information from the drift cells of the muon
systems, short tracks (called ‘stubs’) are reconstructed. Tracks reconstructed in the COT
are extrapolated to the muon systems. For good quality muons, an upper limit is placed

on the y? fit value of track-stub match. The CMU, CMP and CMX chambers each provide
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Figure 2-8. Different particles are being detected at the CDF detector (Figure credit: CDF
public webpage)

coverage in the pseudo-rapidity range |n| < 0.6. The IMU covers the region 1.0 < |n| < 1.5.
The uninstrumented regions have been filled with so called miniskirt and keystones.
2.4.5 Luminosity Counter

The beam luminosity is determined by using gas Cherenkov counters [20] located in
the 3.7 < |n| < 4.7 region which measure the average number of inelastic pp collisions per
bunch crossing. This was built by the University of Florida group in CDF. When charge
particles travel faster than the speed of light in a medium they emit Cherenkov radiation.
This effect is used to measure the average number of inelastic pp collisions per bunch
crossing in order to calculate the instantaneous luminosity delivered by the Tevatron. The
instantaneous luminosity provided by the CLC must be integrated with respect to time to
calculate the integrated luminosity.

Luminosity measures the flux of particles capable of creating a reaction of interest.

The number Ngpserveq Of events observed in an experiment is given by,

NobseT'ved == [Uobserved X €detection X /Ldt] + Nbackground; (2_2)

where the observable 0,,4cess 15 the cross section for the process and should not depend on

the experimental details, €geection 1S the probability that a signal event will be observed in
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a given detector, f Ldt is the Integrated Luminosity and Nygckgrouna are events from other
processes that got counted incorrectly. At colliders, the luminosity depends on both the

beam intensities and the beam densities and is given by,

_ o VeVp

?
dro,oy

L (2-3)

where f is the frequency with which beam bunches cross, N, is the number of protons/bunch,
Nj is the number of anti-protons/bunch and o, and o, are the gaussian sizes of the beam.
For integrated luminosities, we normally use inverse picobarns (1 picobarn™! = 103¢ cm=2)
as a unit.

The delivered integrated luminosity per week is about 25 pb~! and CDF has
more that 3.0 fb~! of data collected on tape (More than 20 times the Run I integrated
luminosity). At the Tevatron we are beginning to measure cross-sections that are at the
1 pb level or smaller, which is very exciting. We are getting large amount of high quality
data from CDF, with potential for many good physics analysis. We expect 6 - 8 fb~1 of
data by end of 20009.
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Figure 2-9. A graph of CDF luminosity with time, showing the remarkable improvement
over the years (Figure credit: CDF public webpage)
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2.4.6 Trigger System

The trigger plays an important role in hadron collider experiments because the
collision rate is much higher than the rate at which data can be stored at tape. At the
Tevatron, pp collisions happen at a rate of 2.5 MHz, and the readout of the full detector
produces 250 kB of data. There is no medium available which is capable of recording
data this quickly, nor would it be practical to analyze all of this data later on.The CDF
trigger system [22] has a three level architecture with each level providing a rate reduction
sufficient to allow for processing in the next level with minimal deadtime? .

Level-1 uses custom designed hardware to find physics objects based on a subset
of detector information and makes a decision based on simple counting of these objects.
Based on preliminary information from tracking (track pr), calorimetry (jet object, em
object, missing Fr, sum E7) and muon tracks, the output of the first level of the trigger is
used to limit the rate. It is a synchronous 40 stage pipeline. Level-1 decision always occurs
5.5 ps after the collision (i.e. every 14 collisions). The 14 events are stored in a pipelined
buffer whilst the Level-1 decisions are made. When an event is accepted by the Level-1
trigger, all data is moved to one of four Level-2 buffers in the front-end electronics, where
with better granularity and additional tracking information from the silicon detector, the
rate is reduced further. Decision takes ~ 30 us per event. The third and final level of the
trigger, with access to the complete event information and full detector resolution, uses
software algorithms and a computing farm, and reduces the output rate to ~ 100 Hz,
which is written to the permanent storage.

Different triggers are required to select events with different signatures. To measure
a particular type of interaction, it must be selected and separated from all other possible

interactions and triggers are used for that - only interactions that satisfy some specific

2 1f it is not possible for the system to accept an otherwise good event because buffers are full, we refer
to this as deadtime.
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Table 2-1. Rate reductions at CDF 3 level trigger system

Trigger level Rate reduction Ratio
Level 1 1.7T MHz — 25 kHz 1:70
Level 2 25 kHz — 600 Hz 1:40
Level 3 600 Hz — 100 Hz 1:6

Net 1:17000

preselected criteria are selected and recorded. Often further selection cuts in different
variables are made to refine the event. Sometimes the rates of some triggers are too high
to sustain at high luminosity, the trigger is prescaled by a constant factor - that fraction of
the events satisfying the trigger criteria are randomly rejected.
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Figure 2-10. A flowchart showing the CDF trigger system (Figure credit: CDF public
webpage)

2.4.7 Run II Upgrade
Between 1997 and 2001, the accelerator complex underwent major upgrades aimed
at increasing the luminosity of the accelerator to provide 2 fb~! of integrated luminosity

or more. The upgraded machine accelerates 36 bunches of protons and antiprotons,
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whereas the original machine accelerated 6 bunches. Consequently, the time between
bunch crossings has been decreased to 396 ns. Major differences for Run II, from Run 0
and Run 1 [21] include, the replacement of the central tracking system; the replacement of
a gas sampling calorimeter in the plug-forward region with a scintillating tile calorimeter;
preshower detectors; extension of the muon coverage, a TOF detector and upgrades of
trigger, readout electronics, and data acquisition systems. The upgraded CDF II Detector

provides us better solid angle coverage and particle identification.
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CHAPTER 3
COLLIDER PHENOMENOLOGY

3.1 Overview of Hadronic Collisions

The total proton-antiproton cross section is the sum of the elastic and inelastic
components, oroqr = 0pr + oy (23], as shown in Figure 3-1. 25% of the time, after
the collision, the proton and the antiproton scatter elastically through a small angle,
exchanging momentum but there are no new particles or energy loss, which is not very
interesting from our perspective. The rest of the time we have inelastic collision, where
one or both hadrons have a change in energy and direction. The inelastic cross section
consists of three terms; single diffraction (SD), double-diffraction (DD), and everything
else (referred to as the ‘hard core’), o;y = osp + opp + +opp. In SD (12%), one of
the incident particle splits up into other particles and the other particle leave at a small
angle on the other side. In DD (8%) both the proton and the antiproton dissociates into a
bundle of hadrons and and travel at relatively small angles on either side. We are mostly
interested in the (non diffractive) hard core part - part of it is the soft collision, where the
beam hadrons ‘ooze’ through each other producing lots of soft particles with a uniform
distribution in rapidity and many particles flying down the beam pipe. Occasionally
there is a hard scattering among constituent partons, producing outgoing particles with
large pr in the transverse region. By soft we mean low transverse momenta transfer from
initial to final state and very few or no particles produced with significant pr. In contrast,
interactions involving the creation of at least one one particle with appreciable pr is
termed hard scattering. Hard interactions can be calculated reliably using perturbative
QCD while soft interactions are not easily calculable within QCD and rely on ad-hoc
models which are taken from data (with some theory).

Experimentally it is difficult to separate ogc from opp. At 1.8 TeV (CDF Run 1) the

total proton-antiproton cross section is about 78 mb and the elastic cross section is about
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Figure 3-1. Shows the various components of the proton-antiproton total cross section

18 mb [24]. Single diffraction makes up about 9 mb of the 60 mb inelastic cross section
and ogC + opD =51 mb, with double diffraction in the range 4 < opp < 7 mb.
3.2 Typical Collider Event
A typical 2-to-2 hard scattering event is a proton-antiproton collision at the hadron
colliders as shown in the Figure 2-2, all happening inside the radius of a proton [25]. The
incoming fundamental particles are the quarks and gluons inside the hadrons and the

strong force is the dominant interaction.

“Hard” Scattering

Outgoing Parton

Proton

AntiProton

Underlying Event derlying Event

""""" - Initial-State
Radiation

v Final-State
: Radiation

Outgoing Parton

Figure 3-2. Shows the various components of a hard scattering process

Since the longitudinal momentum fraction © = pparton/Pproton. Of the proton momentum
carried by the parton is given by by Parton Distribution Functions or PDFs (f;(x; u),

where i is the parton flavor and p is an appropriate hard scattering scale for the
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interaction), at a particular collision we we do not know the longitudinal momentum

of the initial state partons. The hard collision of interest hence occurs only with a certain
probability, termed the branching fraction. We can say that hard collision of interest only
occurs when partons with the right quantum numbers happen to have the right center

of mass energy to make the desired final state - which is not the case most of the times
[25]. Figure 3-3 shows the the first order hard scattering diagrams for proton antiproton
scattering. By looking at the at the typical parton distribution functions [26], we can see
that gluons are the most probable partons, except at the highest momentum fractions.
The cross section at very low pr is dominated by gluon-gluon and quark-gluon scattering

via the t channel.

: . | y
Figure 3-3. First order diagrams for proton-anti-proton scattering. If one assumes that
time runs bottom to top (the theorists convention), the first column indicate

exchange in the t channel, the second s channel exchange, the third the u
channel and the 4th is a special QCD diagram.

We can not see free quarks and gluons appearing at final stage because of color

confinement and strong interaction. For example when a quark is knocked out of the
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proton it remains connected to the proton by its color charge and at some point the
energy in the color field becomes so high that it is energetically favorable to produce a
quark anti-quark pair to neutralize some of the color field. This process goes on till the
color neutral objects have ‘hadronized’ (wherein the colored partons are transformed into
jets of colorless hadrons, photons and leptons) to form reasonably long lived observable
hadronic particles such as 7+, 7=, 7%, K™, K=, K, Kg, n, n/, p, n etc. The 7% n
decay quickly into photons. Naively this bunch of collimated hadrons, produced by
the hadronization of partons and following the path of the original quark or gluon, is
referred to as a jet [27], although technically we need an algorithm to properly define a jet.

There can be corrections to this simple picture from various effects. Firstly, there are
QED and QCD bremsstrahlung-type modifications, and because of the largeness of the
strong coupling constant a, and the presence of the triple gluon vertex, QCD emission off
quarks and gluons is especially prolific. We therefore speak about parton showers, shown
in Figure 3-4 [28] wherein a single initial parton may give rise to a whole bunch of partons
in the final state. Also photon emission may give sizable effects in QED processes. The
bulk of the bremsstrahlung corrections are universal, i.e. do not depend on the details
of the process studied, but only on one or a few key numbers, such as the momentum
transfer scale of the process. Secondly, we have true higher-order corrections, which
involve a combination of loop graphs and the soft parts of the bremsstrahlung graphs
above, a combination needed to cancel some divergences.

3.3 The Underlying Event

In addition to the the two hard scattered outgoing parton, which fragment into jets
- there is initial and final state radiation (caused by bremsstrahlung and gluon emission),
resonance decays, multiple parton interaction (additional 2-to-2 scattering within the same
event), hadronization, ‘beam beam remnants’ (particles that come from the breakup of the
proton and antiproton, from the partons not participating in hard scatter). We define the

‘underlying event’ [29] as everything except the hard scattered components and it includes
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Figure 3-4. A parton shower in which a quark initially produced, radiates gluons which in
turn radiate additional gluons and quark-antiquark pairs. As time increases
the shower progresses to larger distances from the point where in initial quark
was produced and hadrons are formed.

the ‘beam-beam remnants’ plus the multiple parton interaction. The ‘hard scattering’
component consists of the outgoing two jets plus the initial and final-state radiation.

The ‘beam-beam remnants’ are what is left over after a parton is knocked out of each of
the initial two beam hadrons as in Fig 3-5. It is the reason hadron-hadron collisions are
more ‘messy’ than electron-positron annihilations and no one really knows how it should
be calculated. Also, multiple parton scattering contributes to the ‘underlying event’. In
addition to the hard 2-to-2 parton-parton scattering and the ‘beam-beam remnants’,
sometimes there is a second ‘semi-hard’ 2-to-2 parton-parton scattering that contributes
particles to the underlying event as in Figure 3-5. However, from an experimental point
of view, it is impossible to uniquely separate the hard scatter from the underlying event
cleanly on an event by event basis. For example, soft gluons (QCD radiation) emitted
from the hard scatter quarks would typically be part of the underlying event but where
soft gluons become hard gluons and since not part of the underlying event is not an exact
definition. If it is of high enough pr to hadronize into a jet then it is generally considered

hard, but that also depends on the chosen jet algorithm.
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Figure 3-5. The underlying event consists of everything except the hard scattered
components, beam-beam remnants and multiple parton interactions.

The environment at hadron colliders are dominated by hard scattering events and
these hard scattering events are contaminated by underlying events. They are unavoidable
background to all collider observables. For example, at the Tevatron both the inclusive jet
cross section and the b-jet cross section, as well as isolation cuts, measurement of missing
energy depend sensitively on the underlying event. In all precision measurements of hard
interactions where soft effects need to be subtracted, higher the precision of the underlying
event modeling, higher the accuracy of physics measurements. In fact, as we discussed
before it is not possible on an event-by-event basis to be certain what particles came from
the underlying event and, which particles originated from the hard scattering. Increasing
luminosity implies more hadronic collisions resulting in more underlying events (which
is technically know as the pileup! ). They are generally not well understood since non
perturbative physics is involved. However we do need to understand the underlying events
to eliminate them and look at the desired physical processes cleanly.

3.4 Minimum Bias Collisions and the Underlying Event

We have already defined underlying event as everything except the two outgoing hard

scattered components. "Minimum bias event’ [23], although different from the underlying

event, is another excellent place to look at the theoretically poorly understood softer

I'In high-luminosity colliders, there is a non-negligible probability that one single bunch crossing may
produce several separate events.
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physics. As discussed in Section 2.5, One selects (i.e. ‘triggers’ on) certain events to store
onto tape. Minimum bias (or ‘min-bias’) is a generic term which refers to events that are
selected with a ‘loose’ trigger that accepts a large fraction of the inelastic cross section
(ideally with totally inclusive trigger). In principle it contains all types of interactions
proportionally to their natural production rate.

All triggers produce some bias and the term min-bias is meaningless until one
specifies the precise trigger used to collect the data. The CDF ‘min-bias’ trigger consists
of requiring at least one charged particle in the forward region 3.2 < n < 5.9 and
simultaneously at least one charged particle in the backward region —5.9 < n < —3.2.
Monte-Carlo studies show that the CDF ‘min-bias’ collects most of the oy¢ contribution
plus small amounts of single and double diffraction. It is characterized by having no
high pr objects (jets, leptons, photons) and being isotropic (low pr tracks at all ¢ in a
tracking detector and uniform energy deposits in calorimeter as function of rapidity).

The underlying event in a hard scattering process is evidently not the same as min bias
event. The underlying event produces tracks in the detector and energy in the calorimeter,
thus affecting the measurement of the hard scattering component. There are presence
of initial and final state radiation in underlying event as well as color interactions with
hard scattering. At the Tevatron about 1% of min-bias events contain a jet with 10 GeV
transverse energy. At the LHC we expect this fraction increase by more than a factor of
10. The CDF underlying event analysis showed [76] that the density of particles in the
underlying event in jet events is about a factor of two larger than the density of particles
in a typical min-bias collision. At the LHC the difference might be even greater.

3.5 Dividing Into Regions

Experimentally it is possible to take advantage of the topological structure of
hadron-hadron collisions to study the underlying event [30]. The direction of the leading
calorimeter jet is used to isolate regions of  — ¢ space that are sensitive to the underlying

event. The angle Ap = ¢ — @ieading jer 1S the relative azimuthal angle between charged
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Figure 3-6. Different regions in n — ¢ space, with relative to the leading jet

particles coming from the underlying event and the direction of hard scattered leading jet,
as in Figure 3-6. Later we would be looking at lepton pair production from the decay of
a 7 boson, then A¢ would be determined relative to the direction of the Z boson, as in

Figure 3-7. We split the central region defined between |n| < 1 as follows,
e |A¢| < 60° as the toward region.
e 60° < |A¢| < 120° as the transverse region. And,

o |Ag| > 120° as the away region.

Jet#1 or Z-boson
Diregtion

A¢
“Toward”

“Transverse”

Figure 3-7. Different regions in 1 — ¢ space, with relative to the Z-boson

For hard scattered jets the transverse regions are most sensitive to underlying

events, since they are perpendicular to the plane of 2-to-2 hard scattering. For them we
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have outgoing jets in toward regions, almost impossible to separate them out from the

background.

Jet #1 Direction

Figure 3-8. The transMAX and transMIN regions

As illustrated in Figure 3-8, we define MAX and MIN transverse regions which help
to separate the hard component (initial and final-state radiation) from the beam-beam
remnant component. MAX (MIN) refer to the transverse region containing largest
(smallest) number of charged particles or to the region containing the largest (smallest)
scalar prsum of charged particles, on an event by event basis. For events with large
initial or final-state radiation the ‘transMAX’ region would contain the third jet in high
pr jet production or the second jet in Drell-Yan production while both the ‘transMAX’
and ‘transMIN’ regions receive contributions from the beam-beam remnants. Hence
one expects that the transMAX region will pick up the hardest initial or final-state
radiation while both the transMAX and transMIN regions should receive beam-beam
remnant contributions. Hence one expects the transMIN region to be more sensitive to the
beam-beam remnant component of the underlying event, while the transMAX minus the
transMIN (i.e., transDIF) is very sensitive to hard initial and final-state radiation. This
idea, was first suggested by Bryan Webber and Pino Marchesini [31], and implemented in

a paper by Jon Pumplin [32].
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CHAPTER 4
THE DRELL-YAN PROCESS

4.1 Historical Perspective
The Drell-Yan process is where quarks and antiquarks from the incoming hadron
beams annihilate to produce a virtual photon or Z°, which decays to a lepton pair, as

shown in Figure 4-1.

Figure 4-1. Schematic representation of the Drell-Yan lepton pair production

The initial studies on muon pair production in hadron hadron collisions was first done
at BNL (Brookhaven National Laboratory) by Christenson et al. and their results are
shown in Figure 4-2 [33]. A couple of interesting features were observed. The shoulder
like structure near the muon pair mass of 3 GeV/c?, which was later [34] discovered to be
the J/1 particle. The rapid fall in in cross section with increasing dilepton mass was not
consistent with the point like cross sections observed in deep inelastic electron scattering.
Calculations of Drell and Yan (1970, 1971) [35] explained most features of the process by
extending the the parton model [36] developed to explain deep inelastic lepton scattering
and this process came to be known as the Drell-Yan process. However the overall rate
was underestimated by a factor of around 2, which was later predicted by the QCD
calculations, taking into effect the gluon emission and absorption. Also resulting large
average transverse momenta of dileptons was initially not well understood - QCD effects of
gluon emission and gluon scattering provided the explanation. We will us now describe the

process in detail, following [37].
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Figure 4-2. Dimuon spectrum from the BNL (Brookhaven National Laboratory)
experiment

4.2 Cross Section Calculations for the Drell-Yan Process
In the first step a single antiquark from one hadron on a single quark from the other
hadron annihilate to produce a virtual photon. The virtual photon subsequently converts
to a pair of oppositely charged leptons, as depicted in Figure 4-3.
If the invariant mass M of the dilepton is large compared to the nucleon mass, then
according to Heisenberg uncertainty principle, the time of interaction is short on the
nuclear scale and the annihilating quark-antiquark pair does not interact with other

components of the parent hadrons. The cross section in this approximation® is the

1 Formally called impulse approximation, if the time duration for external current probe 7,0t is much
shorter than the lifetimes of the relevant intermediate states T;ptermediate.states then the constituents
can be treated as free. Lepton pair production by bremsstrahlung does not does not satisfy this ap-
proximation. In more modern language, the impulse approximation is replaced by the more precise
concept of factorization which separates the the long distance and the short distance physics.
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Figure 4-3. Feynman diagram for the Drell-Yan process

product of probability to find the particular parton configuration and the cross section for
free partons.

So for the Drell-Yan process,

A(P) 4+ B(P) = 1" +1"+ X (4-1)

where the incoming hadrons A and B have momenta P; and P, respectively and X
denotes any additional final state particle, we would write the total cross section as a
convolution of the hard partonic scattering cross section with the parton densities of the

hadrons A and B, and summing over all quark-antiquark combination,

o= Z / dxydry fo(21) f1(22) G gt (4-2)
9,9

where f,(x1)dz, is the probability of finding a quark with p; = 1P, and fg(z,)d, is the
probability of finding an antiquark with ps = 29 P,. The parton densities are not calculable

within perturbative QCD and must be determined by experiments such as deep inelastic
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scattering. The masses of partons are neglected since they are much smaller than the
lepton pair invariant mass.

Now we would need to calculate the gqg — [T1~ cross section. The partonic cross
section for the Born process do is given by the squared matrix element, summed over all
incoming and outgoing spins, polarization and colors, multiplied by the phase space of the
final state particles and divided by the flux factor. Integrating over the phase space and
calculating the matrix element from relevant Feynman diagrams, the final result would be

[38],

do 4

M2~ 9M2s

M25(1 — M?/s), (4-3)

where the delta function comes from phase space and M? and s are respectively the pair
mass squared and the square of the center of mass of the initial hadrons. It can be shown

that,

M? = 7,798 (4-4)
and hence it is convenient to define,
M2
T =119 = —— (4—5)
s

The rapidity of the lepton pair in terms of parton momentum fraction is given by,

y= 3 (1-6)

Putting everything together, the double differential cross section becomes,

d*o _ Ao

dM?dy — 9M* [zq: nglfq(wl)@fq(xﬂ] (4-7)
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summing over all quark distributions and flavors, which only depends upon the parton
and antiparton distributions. Integrating over y, we can see that right hand side is only a

function of 7 [2, 39],

d*o
4
T~ FO) (48)
So in the parton model, the cross section depends only on the scaling variable 7 = %2

The rapid fall of cross section as seen in Figure 4-2 is due to the propagator of the virtual
photon in the amplitude, which leads to a factor M* in the cross section. and also due to
the rapid fall of distribution functions f,(z) as x — 1.

After the advent of QCD, this basic physical picture of Drell-Yan process in terms of
parton model has been confirmed theoretically and the details have been greatly improved.
At high energies, the ¢q¢ — ~* — [71~ contribution in Figure DY must be supplemented

the additional contribution from ¢ — v*¢ and qg — ~*q as in Figure 4-4 [40, 41].
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Figure 4-4. QCD diagrams for the Drell-Yan (a) Leading order diagrams for
quark-antiquark annihilation subprocess (b) Leading order diagrams for
Compton subprocess

The QCD corrections [2] result in logarithmic corrections in @* which can be
absorbed in Q?-dependent quark and antiquark distribution function of the hadrons.
Analytic continuation from space-like ¢* (deep inelastic scattering) to time-like ¢ (lepton

pair production) and the difference in kinematics between the two processes produce a non
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leading finite correction with a very large coefficient, termed the K factor. Also the recoil
of quarks or gluons can produce a large transverse momenta of the lepton pair.

At M ~ M, additional contribution from s channel Z exchange must be taken into
consideration. Data from CDF collaboration for lepton pair production in pp production
at /s = 1.8 TeV has shown appearance of a Z peak at M ~ My [42]. In practice,
lepton pair production with M ~ My is analyzed in terms of the production cross
section for Z bosons (¢¢§ — Z), multiplied by the branching ratio for decay into leptonic
final states (Z — [717). Single Z bosons are produced with large pr via the ordinary
QCD subprocesses q¢g — Zq, q¢ — Zg, qg — Zq. They generate additional gluons via
bremsstrahlung resulting in multiparton final states fragmenting into hadrons and forming

away-side jets. as in Fig 4-5.

Figure 4-5. Illustration of the recoil from the Z-boson production and formation of
awayside jet

4.3 Experimental Studies with the Drell-Yan
The simple Drell-Yan model predictions are about the lepton pairs produced in
hadronic collisions and not about the accompanying hadrons, so it has been sufficient
to detect solely leptons in order to make many tests of the model. It was the first time
that a hadron-hadron cross section could be calculated from first principles. The simplest

test of the theory was the verification of the scaling behavior of the cross section only on
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the variable, 7 = %2, which was shown by both proton and pion data [37]. These data
also showed that logarithmic violation of scaling data was not very significant. The good
agreement between the theoretical predictions and measured Drell-Yan cross sections,

as seen in Table 4-1 provided confirmation of this parton model approach. The QCD
improved version of the parton model has been confirmed by the experiments carried over

the years.

Table 4-1. Drell-Yan cross sections

CDF (pb)[43] NNLO theory (pb)[44]
954.9 = 3.3(stat) £ 4.6(sys) £ 15.2(lum) 952.3 £ 5.0

Most of the important hard scattering processes have been calculated to next to
leading order (NLO) in perturbation theory - while the Drell-Yan process itself has
been calculated to next to next leading order (NNLO). As a result it has been an
important theoretical tool to explore different aspects such as infrared divergences and
collinear divergences leading to the factorization theorem in QCD. The process is so
well understood theoretically that it has become a tool for precision measurements, as
exemplified by discovery and measurement of W and Z. By measuring the distribution in
rapidity and mass of the lepton pair one can in principle directly measure the quark and
antiquark distribution function of colliding hadrons. For lepton pair production above the
Z mass the electroweak interference is important and the forward backward asymmetries
can be an effective tool to find Z’ bosons if they exist [45].

However, there are a few sources of background which come to dominate the dilepton
continuum at low dilepton mass such as dilepton decays of the closely spaced (neutral)
vector mesons and Bethe-Heitler pairs [46]. Also the accidental coincidences of leptonic

T — " + vy between two hadrons produced in any hadronic interaction

decays such as 7
can act as a background. At low mass it is therefore difficult to extract the Drell-Yan

signal from background and generally data on dileptons with masses above at least

2 GeV/c? are used.
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4.4 Drell-Yan Process and the Underlying Event
Let us compare the underlying events in a hard scattering as described in Section
3.3 with underlying events in Drell-Yan process. We can see that we have the outgoing
lepton antilepton pair in the final state and there would be no colored final state radiation.
The underlying event is defined analogously, as everything except the hard scattered

components.

Lepton-Pair Production

Lepton-Pair Production

ik bl i
Anti-Lepton / —

Figure 4-6. Underlying event in Drell-Yan production - everything except the final state
lepton-antilepton pair and initial state radiation

By looking at the diagram we can see that essentially everything other than the final
lepton antilepton pair is the underlying event. In high pr Drell-Yan, we can have two

leptons on the same side, balanced by a jet on the other side, as in Figure 4-5.

Figure 4-7. Drell-Yan production with high transverse momentum, with two leptons are on
the same side

For Drell-Yan its easy to identify and remove leptons (since they are the colorless
components) from the transverse and toward (which can not be done for dijet events, as

the leading jet is itself in toward region) regions and use them to study the underlying
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event. So we can see not only Drell-Yan events are a clean probe of the underlying

events but also we can study the underlying event as a function of lepton pair transverse
momentum or invariant mass. Comparing them with high py jet production would help us
to learn more about underlying events in general. And at the same time we would be able
to look at Z boson pr distribution, which would an extra way to constrain our underlying
event model. We conclude this chapter by showing a CDF detector view of a Drell-Yan

event happening at real time.

0

, \:.35;;56&': 125.00 Ggv

Figure 4-8. Event display of a Drell-Yan process. COT view on left, while EM calorimeter
view on right. Figures courtesy CDF.

o1



CHAPTER 5
MONTE CARLO EVENT GENERATORS

5.1 Overview

Monte Carlo methods are a class of computational algorithms used to simulate the
behavior of different physical and mathematical systems [47]. As opposed to deterministic
simulation methods, they use random numbers (pseudo-random numbers, in practice) and
hence are stochastic. It is useful in many interesting calculations, such as determining
the cross section for a scattering process have too many degrees of freedom for direct
numerical integration. Monte Carlo calculates these integrals by generating a random
sample of configurations and averaging the integrand, i.e., by generating a random sample
of ‘real’ events and averaging their weights. As the method is based on random chance, it
was named after a gambling resort.

In order to find new physics at a hadron hadron collider it is essential to understand
and model the ordinary QCD events well. To do this one must not only have a good
model of the hard scattering part of the process, but also of underlying event. However
many aspects of nonperturbative QCD physics, like hadronization and multiple interactions,
cannot be derived from first principles. The only tool that we have in our disposal for
these studies is a cross-comparison of the data and various Monte Carlo generators. By
adjusting many parameters that represent a true uncertainty in our understanding of
nature in these Monte Carlo generators, we try to match the simulation to the data in
the best possible way in order to gain deeper insights into the relative importance if the
various contributing sub-processes.

An event generator is also helpful in giving a feel for expected real data, leading to
improvement detector design and analysis strategies. Also Monte Carlo can be used as
a method for estimating detector acceptance corrections that have to be applied to raw

data, in order to extract the true physics signal.
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5.2 Event Generation

These programs are intended to generate complete events in as much detail as

experimentally observable ones, by subdividing the task into simpler steps. Following is

the evolution of a high energy collider event in physical time order, shown also in Figure

5-1 [53)].

1.

Starts off by two particles coming toward each other and one radiated particle from
each of the incoming particle starts off a sequence of branchings, which build up an
initial-state shower.

One incoming parton from each of the two showers participate in the hard process,
which determines the main characteristics of the event where a number of outgoing
partons are produced, usually two.

The hard process may produce a set of short-lived resonances, like the Z° or
W gauge bosons, whose decay to normal partons has to be considered in close
association with the hard process itself.

The outgoing partons usually branch, analogously to the incoming ones, to build up
final-state showers.

In addition to the hard process considered above, there can be further semihard
interactions between the other partons of two incoming hadrons, termed multiple
parton-parton interaction.

After the particle participating in the hard scattering process is taken out of a beam
particle, a beam remnant is left behind. This remnant may have a net color charge
that relates it to the rest of the final state.

(5) and (6) mostly constitute the underlying event.

7.

The QCD confinement mechanism ensures that the outgoing quarks and gluons are
not observable, but instead hadronize to color neutral hadrons.

Many of the produced hadrons are unstable and can decay further.

However the data coming from a real experiment also interacts with a complex

detector system. The behavior of the detectors how particles produced by the event

generator traverse the detector, spiral in magnetic fields, shower in calorimeters, or sneak

out through cracks, etc., which all affect the distributions produced, is simulated in
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Figure 5-1. Structure of the basic event generation process

programs such as Geant [48]. The CDF detector simulation package, CDFSIM is based on
similar programs.
5.3 Examples of Event Generators: PYTHIA and HERWIG

PYTHIA [49] and HERWIG [50] are two of the most popular Monte Carlo event
generators for high energy physics. They contain theory and models for all the steps
described above. They are largely based on original research, but also borrow many
formulae and other knowledge from the literature.

Since this analysis mainly uses PYTHIA, we will focus mostly on it. PYTHIA
contains rich selection of around 240 different hard processes, classified according to the
number of final-state objects. The bulk of the processes are of the 2-to-2 type, which is
not a major limitation, since showers add the required extra activity. In every process that
contains colored and/or charged objects in the initial or final state, gluon and/or photon

radiation may give large corrections to the overall event. Two traditional approaches
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exist to the modeling of perturbative corrections. One is the matrix-element method, in
which Feynman diagrams are calculated, order by order. In principle, this is the correct
approach, which takes into account exact kinematics, and the full interference and helicity
structure, however, these calculations become increasingly difficult in higher orders,

in particular for the loop graphs. The second possible approach is the parton-shower
one. Here an arbitrary number of branchings of one parton into two (or more) may

be combined, to yield a description of the events, with no explicit upper limit on the
number of partons involved. In practice, shower programs may be matched to first-order
matrix elements to describe the hard-gluon emission region reasonably well, and the two
approaches are complementary in many respects. However, because of its simplicity and
flexibility, the parton-shower option is generally the first choice.

Hadronization process has yet to be understood from first principles, starting from the
QCD Lagrangian. This has left the way clear for the development of a number of different
phenomenological models. The ‘Lund String Fragmentation Model’ [51] is implemented
in PYTHIA. The assumption of linear confinement provides the starting point for the
string model. As the ¢ and g partons move apart from their common production vertex,
the physical picture is that of a color flux tube, of the transverse dimensions of the tube
are of typical hadronic sizes, being stretched between the ¢ and the g. To preserve Lorentz
covariant, this can be represented by a massless relativistic string with no transverse
degrees of freedom. As the ¢ and § move apart, the potential energy stored in the string
increases, and the string may break by the production of a new ¢'q’ pair, so that the
system splits into two color-singlet systems ¢g’ and ¢'q. If the invariant mass of either of
these string pieces is large enough, further breaks may occur and this continues until only
on-mass-shell hadrons remain, each hadron corresponding to a small piece of string with a
quark in one end and an antiquark in the other. HERWIG employs ‘Cluster Hadronization
Model” [52].
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Figure 5-2. At small distances the color forces are weak and the outgoing partons move
away from the beam-beam remnants and at large distances the color forces
become strong and quark-antiquark pairs are pulled out of the vacuum and
hadrons are formed.

In a hadronic collision, the colliding parton only takes some fraction of the total
beam energy, leaving behind a beam remnant which takes the rest. For a proton beam,
a u quark colliding would leave behind a ud diquark beam remnant, with an antitriplet
color charge. The remnant is therefore color-connected to the hard interaction, and forms
part of the same fragmenting system. Often the remnant is more complicated, e.g. a
gluon participating in the hard scattering would leave behind a uud proton remnant
system in a color octet state, which can conveniently be subdivided into a color triplet
quark and a color antitriplet diquark, each of which are color-connected to the hard
interaction. The energy sharing between these two remnant objects, and their relative
transverse momentum, introduces additional degrees of freedom, which are not understood
from first principles. Also to take into account the motion of quarks inside the original
hadron, as required by the uncertainty principle by the proton size a primordial transverse
momentum is assigned to the colliding parton. This primordial k7 is selected according to
some suitable distribution, and the recoil is assumed to be taken up by the beam remnant.

Each of the beam particles contains a number of partons, and so the probability
for several interactions in one and the same event is not be negligible. In principle these
additional interactions could arise because one single parton from one beam scatters
against several different partons from the other beam, or because several partons from

each beam take place in separate 2-to-2 scatterings. Both are expected, but combinatorics

o6



favors the latter, which is the mechanism considered in PYTHIA. The understanding of
multiple interaction is still very primitive. PYTHIA therefore contains several different
options of adjusting the multiple parton interaction.

PYTHIA models the soft component of the underlying event with color string
fragmentation, but in addition includes a contribution arising from multiple parton
interactions (MPI). HERWIG by itself does not have multiple parton interaction.

5.4 Tuning PYTHIA

PYTHIA contains parameters to control each of the subprocesses described
above. A complete list of them can be found in PYTHIA manual [53] - here we would
point out the some of the relevant ones describing the underlying event in Table 5-1.
Technically, PYTHIA parameters can be varied independently of each other, but the
physical requirement of a sensible description of a set of data leads to correlations and
anticorrelations between the parameters. Hence we need to produce tunes, not of one
parameter at a time, but simultaneously for a group of them. Given the many PYTHIA
parameters to be tuned, it is convenient to divide the task into subtasks. Firstly, if we
assume jet universality, hadronization and final-state parton showers should be tuned
to eTe™ annihilation data, notably from LEP1 (The Large Electron-Positron collider,
formerly at CERN) since this offers the cleanest environment. Secondly, with such
parameters fixed, hadron collider data should be studied to pin down multiple interactions
and other further aspects, such as initial-state radiation. We will focus on PYTHIA tunes
which are relevant to underlying event studies.

PYTHIA tune A was determined by fitting the CDF Run 1 underlying event data
[54], by mostly adjusting multiple parton interaction. Figure 5-3 shows that PYTHIA
tune A does not fit the CDF Run 1 Z-boson pr distribution [55], since at that time the Z
boson data was not considered. PYTHIA tune AW, mostly by adjusting the initial state

radiation fits the Z-boson pr distribution as well as the underlying event at the Tevatron.
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Table 5-1. Some of the PYTHIA parameters describing the underlying event

Parameter Definition

MSTP(81) MPT on/off

MSTP(82) 3 / 4: respectively - denoting single or double gaussian hadronic
matter distribution in the p / p

PARP(62) Effective Q cut-off, below which space-like showers are not evolved

PARP(67) ISR maximum scale factor

PARP(82) MPI pp cut-off

PARP(83) Warm-Core: parp(83)% of matter in radius parp(84)

PARP(84) Warm-Core: parp(83)% of matter in radius parp(84)

PARP(85) Probability that an additional interaction in the MPI formalism
gives two gluons, with color connections to nearest-neighbor in
momentum space

PARP(86) Probability that an additional interaction in the MPI formalism gives
two gluons, either as described in PARP(85) or as a closed gluon
loop. Remaining fraction is supposed to consist of qg pairs.

PARP(89) Reference energy scale

PARP(90) Energy rescaling term for PARP(81-82) ~ Ecy APARP(90)

The values of the relevant parameters' for tune AW was determined by CDF Electroweak

Group (the ‘W’ stands for Willis Sakumoto, one of the main contributors) [56]. Both

plots in Figure 5-3 reveal a remarkably good agreement of the data and PYTHIA, which,

however, was achieved only after tuning a number of Monte Carlo generator parameters,

as follows.

e The initial state radiation had to be significantly intensified.

e  The dependence of the probability of multi-parton (secondary) interactions on the
impact parameter had to be smoothed out.

e  The probability of di-gluon production in multi-parton secondary interactions had to
be substantially enhanced over di-quark production.

e  The probability of color connections of products of secondary interactions with
pp-remnants had to be increased.

L PARP(62), PARP(64), and PARP(91).
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Figure 5-3. Z-boson pr distribution from Run 1 and PYTHIA tune A and AW predictions

This exercise shows that PYTHIA can be brought into a good agreement with data,
with proper tuning [57]. For ‘leading jet’ production Tune A and Tune AW are nearly
identical.

We will conclude this section by briefly mentioning some of the PYTHIA Run 2
tunes [58]. Table 5.1 shows the parameters for several PYTHIA 6.2 tunes. PYTHIA
Tune DW is very similar to tune A except that it also fits the CDF Run 1 Z-boson pr
distribution which tune A does not fit. Tune DW has the DO preferred value of the
parameter’? setting the high pr scale for initial-state radiation, determined by fitting their
dijet A¢ distribution [59]. Tune DW and tune DWT are identical at 1.96 TeV, but tune
DW and DWT extrapolate differently to the LHC. Tune DWT uses the ATLAS energy
dependence, while tune DW uses the tune A value 3 . All the tunes use the CTEQ5L
structure functions [60]. The first 9 parameters in Table 3.1 tune the multiple parton

interactions (MPI). PARP(62), PARP(62), and PARP(62) tune the initial-state radiation

2 PARP(67) = 2.5, PARP(67) sets the high pr scale for initial-state radiation in PYTHIA. It deter-
mines the maximal parton virtuality allowed in time-like showers.

3 Tune DWT uses the ATLAS energy dependence, PARP(90) = 0.16, while tune DW uses the tune A
value of PARP(90) =0.25.
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and the last three parameters set the intrinsic k7 of the partons within the incoming
proton and antiproton.

Table 5-2. Parameters for several PYTHIA 6.2 tunes. Tune A is a CDF Run 1 ‘underlying
event’ tune. Tune AW and DW are CDF Run 2 tunes which fit the existing
Run 2 ‘underlying event’ data and fit the Run 1 Z-boson pr distribution. The
ATLAS tune is the default tune currently used by ATLAS at the LHC. Tune
DWT use the ATLAS energy dependence for the MPI, PARP(90). The first 9
parameters tune the multiple parton interactions. PARP(62), PARP(62), and
PARP(62) tune the initial-state radiation and the last three parameters set the
intrinsic k7 of the partons within the incoming proton and antiproton.

Parameter Tune A Tune AW Tune DW Tune DWT ATLAS
PDF CTEQSL CTEQSL CTEQSL CTEQSL CTEQSL
MSTP(81) 1 1 1 1 1
MSTP(82) 4 4 4 4 4
PARP(82) 2.0 2.0 1.9 1.9409 1.8
PARP(83) 0.5 0.5 0.5 0.5 0.5
PARP(84) 0.4 0.4 0.4 0.4 0.5
PARP(85) 0.9 0.9 1.0 1.0 0.33
PARP(86) 0.95 0.95 1.0 1.0 0.66
PARP(89) 1800 1800 1800 1960 1000
PARP(90) 0.25 0.25 0.25 0.16 0.16
PARP(62) 1.0 1.25 1.25 1.25 1.0
PARP(64) 1.0 0.2 0.2 0.2 1.0
PARP(67) 4.0 4.0 2.5 2.5 1.0
MSTP(91) 1 1 1 1 1
PARP(91) 1.0 2.1 2.1 2.1 1.0
PARP(93) 5.0 15.0 15.0 15.0 5.0

Table 5-3. Computed value of the multiple parton scattering cross section for the various
PYTHIA 6.2 tunes

Tune o(MPI) at 1.96 TeV o(MPI) at 14 TeV
A, AW 309.7 mb 484.0 mb
DW 351.7 mb 549.2 mb
DWT 351.7 mb 829.1 mb
ATLAS 324.5 mb 768.0 mb

Table 5.2 shows the computed value of the multiple parton scattering cross section

for the various tunes. The multiple parton scattering cross section (divided by the total

inelastic cross section) determines the average number of multiple parton collisions per

event.
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JIMMY is a multiple parton interaction model which can be added to HERWIG
to improve agreement with the underlying event observables. To compare with the
Z-boson data, a HERWIG (with JIMMY MPI) tune with have been constructed with
JMUEO =1, PTJIM = 3.6 GeV /¢, JMRAD(73) = 1.8, and JMRAD(91) = 1.8.

PYTHIA tune A, tune DW, and the ATLAS PYTHIA tune predict about the same
density of charged particles in the transverse region for leading jet events at the Tevatron.
However, the ATLAS tune has a much softer pr distribution of charged particles resulting
in a much smaller average pr per particles, not agreeing with CDF data [61]. HERWIG
does a fairly good job fitting the Z-boson pr distribution without additional tuning, but
does not fit the CDF underlying event data.

Minimum bias collisions are a mixture of hard processes (perturbative QCD) and
soft processes (non-perturbative QCD) and are, hence, very difficult to simulate. Min-bias
collisions contain soft ‘beam-beam remnants’, hard QCD 2-to-2 parton-parton scattering,
and multiple parton interactions (soft and hard). To correctly simulate min-bias collisions
one must have the correct mixture of hard and soft processes together with a good model
of the multiple-parton interactions. The first model that even came close to correctly
modeling min-bias collisions at CDF is PYTHIA tune A. Tune A was not tuned to fit
min-bias collisions. It was tuned to fit the activity in the ‘underlying event’ in high
transverse momentum jet production. However, PYTHIA uses the same p cut-off for
the primary hard 2-to-2 parton-parton scattering and for additional multiply parton
interactions. Hence, fixing the amount of multiple parton interactions (i.e. setting the pr
cut-off) allows one to run the hard 2-to-2 parton-parton scattering all the way down to
pr(hard) = 0 without hitting a divergence. For PYTHIA the amount of hard scattering in
min-bias is, therefore, related to the activity of the ‘underlying event’ in hard scattering
processes. Neither HERWIG (without MPI) or HERWIG (with JIMMY MPI) can be used

to describe min-bias events since they diverge as pr(hard) goes to zero.
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CHAPTER 6
ANALYSIS STRATEGY

6.1 Introduction: Goal

We have seen how the underlying event is an important element of the hadronic
collider environment. The goal of this analysis is to study the behavior of the charged
particle (pr > 0.5 GeV/¢, |n| < 1) components of the underlying event associated with
Drell-Yan production in hard scattering proton-antiproton collisions at 1.96 TeV at CDF
and produce data on the underlying event that is corrected to the particle level' so that
it can be used to tune the QCD Monte Carlo models without requiring a simulation of the
CDF detector. We would be able to compare our results with similar analyses done with
the Tevatron jet data and at the LHC by the Florida group [62]. Also by looking at the
measurements sensitive to the underlying event, we would be able to better constrain our
underlying event models.

6.2 Data Selection

Z-bosons are mainly identified through their leptonic decays. These decays are
characterized by two high transverse energy leptons (we look at electrons and muons, since
7 decays into charged particles traveling in same direction, similar to jets).

We analyzed the high pr electron and muon data, corresponding to the luminosity?
of approximately 2.7 fb~! and corresponding PYTHIA tune AW [56] samples, taken

between February 2002 and April 2008, as shown in Table 1° .

1 The final state stable particles in Monte Carlo generators refer to colorless particles having a lifetime
greater than approximately 107! s.

2 Corresponding to run period 17, with events are required to be on the goodrun list, version 23.

3 CDF Drell-Yan PYTHIA tune AW samples: zeOs, zels, CDF high-pr central electrons: bhel, CDF
high-pr CMUP and CMX muons: bhmu.
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Table 6-1. Data and Monte-Carlo samples used in this analysis

Lepton Monte Carlo Data
Electron Drell-Yan Z/gamma®™ — ee sample  High-pr central electrons
Muon Drell-Yan Z/gamma® — pp sample  High-pp CMUP and CMX muons

6.3 Event Selection

We pick only those events having one and only quality 12 vertex? within |z9| < 60 cm.
It measures the distance of the pp collision event vertex from the center of the detector
in z direction. To ensure that a track for each charged particle is well measured by the
tracking system, we need this requirement.

6.4 Electron Selection

Electrons are identified by matching high momentum tracks to high energy clusters in

central electromagnetic calorimeter (CEM), with further requirements as described next.

The following variables are used to reconstruct the electron accurately.

e Track zg . Distance of where the electron track extrapolates to beamline from the
center of the detector in z direction. To ensure that track for each electron is well
extrapolated to the calorimeter and drift chamber, we need |zyerter| to be less than 60
cm. This requirement helps to ensure that the particle passes through a significant
portion of the detector so that we can obtain enough information about the event.

e Er . Value of electromagnetic transverse energy, (transverse to the beamline).

e Track pr . Specifies the value of the transverse momentum of the associated track,
(transverse to the beamline).

e Track dy . The transverse impact parameter, defined as the minimum distance
between the electron track and the primary vertex in the plane transverse to the
beam direction - small value means the particle originates from near the interaction
region.

e Az = |z — zgi2| . The measured longitudinal distance between the measured track
or particle and the primary quality 12 vertex.

4 The vertex quality is quantified by the fit x2. In general, the higher the vertex quality, the larger the
number of tracks composing that vertex. Quality 12 offers a good trade off between between fake rate
and efficiency.
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Lgy, . This is the maximum value of the transverse shower profile of the cluster. It
compares the lateral sharing of energy in the calorimeter towers of an electron cluster
to electron shower shapes from a test beam data.

CES strip x? . This is the average scaled x squared of the best matching strip
clusters. It quantifies the comparison of the calorimeter pulse height to the test beam
data for each of the 11 strips per CEM chamber in z.

Charge. Specifies the charge - it is calculated using the curvature of he associated
track. A negative curvature indicates a negative charge, which would be expected for
an electron and a positive curvature an positive value of the charge, for a positron.

Egap/Egn - Calculated as a ratio of the total Hadronic energy in the cluster and
the total EM energy. Three hadronic towers means using the whole cluster. The good
electrons are expected to deposit most of its energy in EM calorimeter. The CEM
shower characteristics should be consistent with that of a single charged particle, not
a jet faking an electron.

Isolation. This is the total transverse isolation energy in cone of AR = \/A¢? + An? =
0.4 as taken from the EM cluster, divided by EM transverse energy of the cluster. It
is used for distinguishing between an isolated particle and a particle in a jet.

CES AZ . Absolute value of the difference between the z coordinate of the cluster
at the CES plane and the z coordinate of the track extrapolated to the CES.

CES AX . Difference between the x coordinate of the cluster at the CES plane and
the x coordinate of the track.

E/p . Ratio of the electromagnetic energy and p is the momentum of the associated
track. A small E/p distinguishes electrons from heavier mesons such as pions
depositing energy in the calorimeter. In order that the momentum resolution does not
make for inefficiencies for very high-energy electrons, for Er > 100 GeV the E/p cut
is not applied.

CES fiducial. Fiduciality is a variable, which can have values corresponding to
which part of the detector is being used. A value of 1 corresponds to central and plug
region, where the calorimeter is known to function well.

COT axial and stereo hits. As described in Chapter 2.4.2, COT consists of 8
alternating superlayers of 4 stereo and 4 axial wire planes, with 12 measurements
per SL. we fit the tracks by linking segments with hits, and a minimum number of
segments (satisfying minimum number of hits) are required to properly fit the track.
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The electron selections are based on the standard CDF high pr electron selection

criteria [63, 64], with tight and loose cuts described in Table 6-2. The tight and loose cuts

are similar till the last four variables in the table, i.e. loose electrons are tight electrons

without the Lgy,, E/p, signed CES AX, CES AZ and CES strip x? cuts.

Table 6-2. Electron selection

Variable Loose Tight

Region CEM CEM

CES fiducial 1 1

Er > 20 GeV > 20 GeV

Track =z < 60 cm < 60 cm

Track pr > 10 GeV/c > 10 GeV/c

COT axial 3 Axial SLs with 5 hits/SL 3 Axial SLs with 5 hits/SL
COT stereo 2 Stereo SLs with 5 hits/SL 2 Stereo SLs with 5 hits/SL

Isolation(R=0.4)/Er

(with leakage correction)
EHad/EEM (3 tOWGI‘S)
Lsnr (3 towers, track)

E/p

CES AZ

Signed CES AX

CES strip 2
(scaled with E)

<0.1

< (0.055 + (0.00045 x E))

<0.1

< (0.055 + (0.00045 x E))
<0.2

< 2.0 (unless pr >
50 GeV/c)

30<gxAX <15
< 10.0

Photon conversions, via pair production occur throughout the detector material and

are a major source of electrons and positrons that pass the above selection criteria. They

are identified by the characteristic small opening angle between two oppositely charged

tracks that are parallel at their distance of closest approach to each other [66]. Electron

candidates with an oppositely charged partner track meeting these requirements are

rejected.

6.5 Muon Selection

Muons are easily distinguished from other particles produced, since they deposit their

energy in muon chambers. Good central muons are identified by extrapolating tracks

in the COT through the calorimeters, and the extrapolation is required to match to a

‘stub’” (which is created when the CMU, CMP or CMX matches several hits in their drift
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Figure 6-1. Photon conversion into an electron positron pair

chambers) either in both the CMU (Central Muon system) and CMP (Central Muon
Upgrade) muon detectors (‘CMUP’ muon) or in the CMX (Central Muon Extension)
system (‘CMX’ muon). Good central muons are required to have a track-stub matching
distance less than 3 cm for CMU, less than 5 cm for CMP, and less than 6 cm for CMX.

The variables needed for reconstructing a muon are as follows.

e Track zg . Distance of where the muon track extrapolates to beamline from the
center of the detector in z direction. To ensure that track for each muon is well
extrapolated to the calorimeter and drift chamber, we need |zyepez| to be less than
60 cm. This requirement helps to insure that the particle passes through a significant
portion of the detector so that we can obtain enough information about the event.

e Track pr . Specifies the value of the transverse momentum of the associated
track (transverse to the beamline). We place a minimum 20 GeV/c cut on muon
momentum in order to remove low energy background muons coming from decays
other than Z-bosons ° .

e Track dg . The transverse impact parameter, defined as the minimum distance
between the muon track and the primary vertex in the plane transverse to the beam
direction - small value means the particle originates from near the interaction region.
It is corrected for the beam position.

e Az = |z — zgi2| . This is the measured longitudinal distance between the measured
muon track and the primary quality 12 vertex.

® Because Z-bosons have a rest energy of approximately 90 GeV we expect the average momentum of
muons from this decay to be 45 GeV. Of course, the muons from the decays do not need to carry
equal momentum because the Z might have some transverse or longitudinal momentum associated
with its own motion, however it is unlikely that unless the Z-boson is produced with a large momen-
tum that one muon of the decay muons would have less than 20 GeV/c.
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e Charge. Specifies the charge - it is calculated using the curvature of he associated
track. A negative curvature indicates a negative charge, which would be expected for
a muon and a positive curvature an positive value of the charge for an antimuon.

e FEpyap and Egp; . These are the total Hadronic energy in the cluster and the total
EM energy. Three hadronic towers means using the whole cluster. Since muons do
not interact often when passing through materials, they do not deposit much energy
in the calorimeters. This is an energy dependent phenomenon and for muons with
pr > 100 GeV radiation becomes more prominent and hence they deposit more
energy.

e Isolation fraction. This is the total transverse isolation energy in cone of radius
AR = /A¢? + An? = 0.4 around the track, excluding the energy matched to
the track itself. It is a measure of how much a particle pair produces and radiates.
Muons should have small values for isolation because they are penetrating particles.
It is scaled by the pr of the track to account for energy dependent radiation and
interaction. It is used for distinguishing between an isolated particle and a particle in
a jet.

e pcor - This is the radius of the track at the point where it crosses the z planes at the
end of the COT. pcor = zcor — 20/ A, where z is the track z coordinate at the point
of its closest approach to z axis, A = cotf, zcor = 155 cm if A > 0 and zcor = —155
cm if A < 0. Requiring pcor > 140 cm is approximately equivalent to requiring that
the track pass through all 8 SL’s of COT and well measured.

e Track x?. The track x? cut is based on the COT of the parent track and it is
assumed that the number of degrees of the freedom is 5 less than the number of COT
hits.

The muon selections are based on the standard CDF high p;y muon selection criteria
(63, 65]. We look at the CMUP and CMX muons, with fiducial cuts® in addition to the
standard cuts. The selection criteria are given in Table 6-3.

The only extra cut we make is on x?/DoF (the track x? cut is based on the COT of
the parent track and it is assumed that the number of degrees of the freedom is 5 less than

the number of COT hits) - which helps to eliminate cosmic muons. Apart from that, to

6 Fiducial cuts are applied to avoid cracks between the calorimeter modules.
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Table 6-3. Muon selection

Variable Muon
For all muon types,
Region CMUP and CMX
pr > 20 GeV/e
Eru < 2 GeV + Max(0,(0.0115 x (p-100))
Etad <6 GeV + Max(0,(0.028 x(p-100))
Isolation (total Ep in R=0.4 around <0.1
muon)/pr
COT axial 3 Axial SLs with 5 hits/SL
COT stereo 2 Stereo SLs with 5 hits/SL
Track |2 <60 cm
Track |dy| (beam corrected) < 0.2 cm
Additionally for CMUP muons,
|AXCMU| <7 cm
|AXCMP| S 5 cm
X — FIDCMU S 0 cm
X — F]DCMP S 0 cm
Z_F[DCMU §—3(:m
7 — FIDCMP < 0 cm
Additionally for CMX muons,
|AXCM)(| < 6 cm
For run number > 150144,
X —FIDcyx <0 cm
Z — FIDgyx < =3 cm
To remove cosmic muons,
|Az| <3 cm

get rid of cosmic muons, we also use a ‘time of flight’ (ToF) cosmic filter [67], which will
be described in detail in the next section.
6.6 Lepton Pair Formation

The lepton pairs are formed by oppositely charged leptons, with the requirement that
2o of the two leptons must pass |z — 22| < 4 cm, to ensure that both leptons came from
the same primary collision. For electrons, we form pairs with at least one tight electron, as
defined earlier. For Muons, there is no such distinction. Additionally for rejecting cosmic
muons, we implement ToF timing cuts. If both muons have ToF timing, we require the
difference of the ToF times between the upper and the lower muon to be less than 5 ns.

Timing is a good way to distinguish if two muons came from the interaction point, or one
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single muon from a cosmic ray appear to be as two muons. The time difference between
the muons recorded in the upper and lower half of the detector, as measured by the ‘time
of flight” detector is given as,
Ar = Typper — Tiower
= (L1 + Ly)/c
~ 2L /cr~2Ly/c
where L, and L, are the distances traveled by the cosmic ray in the upper and the lower
half of the detector. For two muons originating at the center of the detector,
Ar = Typper — Tiower
= (L1 — Ls)/c
~ 0
So ideally the muons not coming from the cosmic rays would have very little time
difference, and this principle is used to eliminate cosmic ray muons.
The mass range of the lepton pair is divided into 3 regions for this analysis, as shown
in Table 6-4. The region of lepton invariant mass between 70 and 110 GeV /c?, termed the

Z-region, is used for this analysis.

Table 6-4. Mass ranges

Mass region Mass range

Low Less than 70 GeV /c?
v/ 70 — 110 GeV/c?
High Above 110 GeV/c?

One of the other advantages of using Drell-Yan data is that isolated leptons can
be identified cleanly over the backgrounds. The Z — ete™ data samples contains
backgrounds mainly from QCD jets, W+jets. Studies [68] have shown that these
backgrounds are negligible at the region of Z-boson.

Approximately 65,000 electron and muon pairs each passed our selection criteria and
are used in the analysis. We use the same kinematic cuts on both the particle level Monte

Carlo and the detector level Monte Carlo and data - we require that,
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Figure 6-2. Shows that the background at the region of Z-boson is very low

Individual lepton pr > 20 GeV/c,
Individual lepton |n| < 1, and
Lepton pair |n| < 6.
6.7 Charged Track Selection
A track is identified by multiple hits in tracking system, by using the following

parameters.

e Track zg . Distance of where the track extrapolates to beamline from the center
of the detector in z direction. To ensure that each track is well extrapolated to the
calorimeter and drift chamber, we need |z,ee.| to be less than 60 cm.

e Track pr . Specifies the value of the transverse momentum of the associated track.
(transverse to the beamline)

e Track dg . The transverse impact parameter, defined as the minimum distance
between the muon track and the primary vertex in the plane transverse to the
beam direction - small value means the particle originates from near the interaction
region. The tracks are defined to be loose and tight according to this parameter. It is
corrected for the beam position.
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e Az = |z — zgi2| . It is the measured longitudinal distance between the measured
muon track and the primary quality 12 vertex.

e Charge. Specifies the charge - it is calculated using the curvature of he associated
track. A negative curvature indicates a negative charge and positive curvature an
positive value of the charge.

Only charged tracks in the region 0.5 < pr < 150 GeV/c and |n| < 1, where efficiency
is high are considered. The upper limit of pr max cut is chosen as 150 GeV/c to prevent
mismeasured tracks with very high pr from contributing to the observables. We also
remove conversions from photon by finding the partner track [66], to make sure none of
the charged particles are electrons coming from pair production from photon . The track

selection criteria is given in Table 6-5.

Table 6-5. Charged track selection

Variable Loose Tight

Track region coT coT

Track prmin > 0.5 GeV/c > 0.5 GeV/c

Track prmax < 150 GeV/e < 150 GeV/e

Track |n <1 <1

Track zg < 60 cm < 60 cm

Track |dp <1lcm < 0.5 cm

(beam corrected)

Track |Az| <3 cm <2cm

COT axial 2 Axial SLs with 10 2 Axial SLs with 10
hits/SL hits/SL

COT stereo 2 Stereo SLs with 10 2 Stereo SLs with 10
hits/SL hits/SL

Track fit x?/DoF <10 <10

6.8 Observables
The observables that are studied in this analysis are described in table 6-6. Since we
will be studying regions in 1 — ¢ space with different areas, we will construct densities
by dividing by the area. For example, the number density, dN¢y,/dnd¢ corresponds to
the number of charged particles (pr > 0.5 GeV/c¢) per unit n — ¢. The prsum density,
dprsum/dndg, corresponds to the amount of charged particle (pr > 0.5 GeV/c) scalar

prsum per unit n — @.
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Table 6-6. Observables examined in this analysis as they are defined at the particle level
and the detector level. Charged tracks are considered ‘good’ if they pass the
selection criterion given in Table 6-5. The mean charged particle Zp7) is
constructed on an event-by-event basis and then averaged over the events. For
the average pr and the prmax we require that there is at least one charge
particle present. The prsum density is taken to be zero if there are no charged
particles present.

Observable Particle level Detector level

Lepton pr pr of the lepton pair pr of the lepton pair,
formed by at least one
tight lepton

Charged density Number of charged Number of ‘good’ charged
particles per unit n — ¢ tracks per unit n — ¢

pr sum density Scalar py sum of charged Scalar py sum of ‘good’
particles per unit n — ¢ charged tracks per unit

n—¢

(pr) Average pr of charged Average pr of ‘good’
particles charged tracks

prmax Maximum pr of charged Maximum p7 of good
particles charged tracks

The mean charged particle (pr) and the prmax are constructed on an event by event
basis. For the average pr and prmax, we require that there is at least one charged particle
present. The prsum (hence the prsum density) us taken to be zero if there are no charged

particle present.
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CHAPTER 7
RESULTS

7.1 Earlier Work

A previous Run 2 underlying event analysis used the MidPoint jet algorithm (R = 0.7,
fmerge = 0.75) [69] to define jets and compared the observables corrected back to the
particle level with the QCD Monte Carlo models [70]. The the behavior of charged
particles (pr > 0.5 GeV/c, |n| < 1) produced in association with large transverse
momentum jets were studied. The models includes PYTHIA tune A and HERWIG.

The events in which there is a leading calorimeter jet (MidPoint R = 0.7) in the
region |n| < 2 and there are no restrictions placed on the second and third highest pr jets
(jet#2 and jet#3) are referred to as leading jet events.

The conclusion was that PYTHIA tune A does not have quite enough activity in
the transverse region. It however does a much better job than HERWIG, which produces
a pr distribution of charged particles that is too ‘soft’. For all the densities (number,
pr sum) PYTHIA tune A is low, but in all the cases it agrees, if we take the transDIF
(i.e. transMAX—transMIN). This indicates that the excess activity seen in the data over
PYTHIA tune A arises from the soft component of the underlying event (i.e. beam-beam
remnants and /or multiple parton interactions) that contributes equally to both transMAX
and transMIN. We would compare our results with the leading jet underlying event
results.

7.2 Correcting Data Back to Particle Level

We use the ratio of the generator level Monte Carlo result and the detector Level
Monte Carlo result as our correction factor for correcting the data back to the particle
level, as that is the effect of the detector.

Our generator level results are formed by adding both electron and muon results
together, since in theory level, they are expected to and indeed found to be consistent. We

would not show all the correction factors here, but would elucidate our method by showing
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Figure 7-1. Illustration of data at the particle level and at the detector level.

an example for charged particle density in transverse region in Figure 7-2. The rest of the
plots are arrived at similarly.
7.3 Systematic Errors

We correct the data back to particle level in three different ways for electrons, and
in two different ways for muons. We take the differences at particle level between (1)
loose-tight and tight-tight electron selection and (2) loose and tight track cuts for charged
particles as systematic uncertainties for electron data. For muon data, the differences
between loose and tight track cuts are taken as systematic uncertainties. We add the
different systematic errors in quadrature, and add the statistical error with that in
quadrature with that to draw one combined error bar. We observed that the differences
between different cuts do not produce a significant systematic uncertainty and the
dominant contribution to our total uncertainties are statistical. When comparing with the
dijet underlying event data later, we would see that they have much smaller statistical
(hence overall) uncertainties, as dijet events have more statistics. In Figures 7-3 and
7-4, we show all the systematic differences coming from the different lepton and charged
particle selections. We can clearly see that the differences between different cuts do not

produce a significant systematic error.
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Figure 7-2. Step by step description of how the data are corrected back to particle level,
for transverse region charged particle density, as an example. The first row
shows uncorrected data, detector level Monte Carlo and particle level Monte
Carlo. The second row shows the correction factor obtained by dividing the
particle level Monte Carlo by detector level Monte Carlo. The third row shows
the data corrected back to particle level by multiplying the correction factor
obtained in the previous step. The left side is for electron data and right side

is for muon data.
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Table 7-1. Systematic uncertainties

Electron data Muon data

Bin by bin difference between the Bin by bin difference between the
corrected data for tight-loose electron corrected data with tight track cut
pair with tight track cut and the and the corrected data with loose
corrected data for tight-loose electron track cut

pair with loose track cut

Bin by bin difference between the
corrected data for tight-loose electron
pair with tight track cut and the
corrected data with tight-tight
electron pair and tight track cut
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Figure 7-3. Shows the origin of systematic uncertainties in uncorrected data, for transverse
region charged particle density, as an example. The left side is for electron
data and right side is for muon data.

7.4 Drell-Yan Results
7.4.1 Underlying Event Observables
We present the results on the underlying event observables in the events with the
lepton pair invariant mass in the Z-boson region, i.e. 70-110 GeV /c?, with charged

particles having pr > 0.5 GeV/c and |n| < 1. We have combined our electron and muon
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Figure 7-4. Shows the origin of systematic uncertainties in corrected data, for transverse
region charged particle density, as an example. The left side is for electron
data and right side is for muon data.

results. We present results for lepton pair pr < 100 GeV /¢, above which we do not have
enough statistics. When filling the histogram, all the events in each bin are averaged over.

Figures 7-5, 7-6 and 7-7 show the data on the density of charged particles for the
transverse, toward and the away regions for the Z-boson events, respectively. The densities
are plotted as a function of the py(Z). The data are corrected to the particle level and
compared with PYTHIA tune AW (the solid black line) and HERWIG, without MPI
added through JIMMY (the dotted blue line), at the particle level. The toward region
corrected data are also compared with HERWIG with MPI added through JIMMY (the
dashed green line). In Figures 7-8 we divide the transverse region into transMAX (red)
and transMIN (blue). In Figure 7-9, we show the transDIF (i.e. transMAX—transMIN)
result.

Figures 7-10, 7-11 and 7-12 show the data on the scalar prsum density for the
transverse, toward and the away regions for the Z-boson events, respectively. The densities

are plotted as a function of the py(Z). The data are corrected to the particle level and
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compared with PYTHIA tune AW (the solid black line) and HERWIG, without MPI
added through JIMMY (the dotted blue line), at the particle level. The toward region
corrected data are also compared with HERWIG with MPI added through JIMMY (the
dashed green line). In Figures 7-13 we divide the transverse region into transMAX (red)
and transMIN (blue). In Figure 7-14, we show the transDIF (i.e. transMAX—transMIN)
result.

Figures 7-15, 7-16 and 7-17 show the data on the average charged particle py for the
transverse, toward and the away regions for the Z-boson events, respectively. The densities
are plotted as a function of the py(Z). The data are corrected to the particle level and
compared with PYTHIA tune AW (the solid black line).

Figures 7-18, 7-19 and 7-20 show the data on the average maximum charged particle
pr for the transverse, toward and the away regions for the Z-boson events, respectively.
The densities are plotted as a function of the pr(Z). The data are corrected to the particle
level and compared with PYTHIA tune AW (the solid black line).

Overall, we can see that PYTHIA tune AW does a good job of reproducing the data.
HERWIG (without MPI) does not produce enough activity in the transverse region for
either process. There is no final-state radiation in Z-boson production so that the lack of
MPI becomes more evident. HERWIG (with JIMMY MPI) agrees with tune AW for the
scalar prsum density in the toward and transMIN regions. However, it produces too much
charged particle density in these regions. HERWIG (with JIMMY MPI) fits the prsum
density, but it does so by producing too many charged particles (i.e. it has too soft of a
pr spectrum in these regions). This can be seen in Figures 7-16 and 7-19 which shows
the data for Z-boson events on the average charged particle pr and the average maximum
charged particle pr, for the toward region compared with the QCD Monte Carlo models.
So the pr distributions in the transverse region are too soft, resulting in an average pr and
average prmax that are too small. Comparing HERWIG (without MPI) with HERWIG

(with JIMMY MPI) clearly shows the importance of MPI in these regions.
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7.4.2 Comparing Different Regions

We compare the activity in different regions for the underlying event observables.

Figure 7-21 shows the comparison between the transverse (the solid red line and red
data points) and the toward (broken blue line and the blue data points) regions for the
density of charged particles. In Figure 7-22 we compare the transMAX (the solid red line
and the red data points) and transMIN (the dotted green line and the green data points)
regions with the toward (the dashed blue line with the blue data points) region. In Figure
7-23, we compare transverse (the solid red line with the red data points), toward (the
dashed blue line with the blue data points) and the away (the dotted black line with the
black data points) regions.

Figure 7-24 shows the comparison between transverse (the solid red line and red data
points) and the toward (broken blue line and the blue data points) regions for the scalar
prsum density. In Figure 7-25 we compare the transMAX (the solid red line and the red
data points) and transMIN (the dotted green line and the green data points) regions with
the toward region (the dashed blue line with the blue data points). In Figure 7-26, we
compare transverse the solid red line with the red data points), toward the dashed blue
line with the blue data points) and the away (the dotted black line with the black data
points) regions.

The most sensitive regions to the underlying event in Drell-Yan production are the
toward and the transMIN regions. The densities are smaller in the transMIN region than
in the toward region and this is described well by PYTHIA tune AW.

Figure 7-27 shows the comparison between the transverse (the solid red line and red
data points) and the toward (broken blue line and the blue data points) regions for the
average charged particle py. In Figure 7-28, we compare transverse (the solid red line with
the red data points), toward (the dashed blue line with the blue data points) and the away

(the dotted black line with the black data points) regions.
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Figure 7-29 shows the comparison between the transverse (the solid red line and red
data points) and the toward (broken blue line and the blue data points) regions for the
average maximum charged particle py. In Figure 7-30, we compare transverse (the solid
red line with the red data points), toward (the dashed blue line with the blue data points)
and the away (the dotted black line with the black data points) regions.

Finally, in Figure 7-31 and 7-32, we add up the charged particle and the scalar
prsum density for all three regions, and compare with the respective PYTHIA tune AW
predictions.

For high transverse momentum Z-boson production, particles from initial-state
radiation are more likely to populate the transverse region than the toward region
and hence the densities are slightly larger in the transverse region. PYTHIA tune AW
describes this very nicely. The away density is large due to the ‘away-side’ jet. The
toward, away, and transverse densities become equal as pr(Z) goes to zero, but the
densities do not vanish at pr(Z) = 0.

7.4.3 Comparison with the Leading Jet Underlying Event Results

We compared our Drell-Yan underlying event results with the leading jet underlying
events results from [70]. Figure 7-33, 7-34, 7-35 and 7-36 show respectively the transverse
region charged particle density, scalar prsum density, average charged particle py and
the average maximum charged particle py for Drell-Yan data (the black data points) and
PYTHIA tune AW (the solid black line) predictions compared with the leading jet data
(the blue data points)and PYTHIA tune A (the broken blue line) predictions.

For large pr(jet#1) the transverse densities are similar for leading jet and Z-boson
events as one would expect. If the leading jet has no transverse momentum then there
are no charged particles, we just get min-bias events. There are a lot of low transverse
momentum jets and for pr(jet#1) < 30 GeV/c the leading jet is not always the jet
resulting from the hard 2-to-2 scattering. This produces is a ‘bump’ in the transverse

density at low pr.
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Figure 7-37 and 7-38 show the transMAX (Red) and transMIN (blue) regions charged
particle density and scalar ppsum density for Drell-Yan data (the solid data points) and
PYTHIA tune AW (the solid line) predictions compared with the leading jet data (the
hollow data points) and PYTHIA tune A (the broken line) predictions.

Figure 7-39 and 7-40 show the transDIF region charged particle density and scalar
prsum density for Drell-Yan data (the black data points) and PYTHIA tune AW (the
solid black line) predictions compared with the leading jet data (the blue data points) and
PYTHIA tune A (the broken blue line) predictions. The transDIF region is sensitive to
the hard initial-state radiation and is predicted to be very similar in the two processes.

Figure 7-41 and 7-42 show the away region charged particle density and scalar prsum
density for Drell-Yan data (the black data points) and PYTHIA tune AW (the solid black
line) predictions compared with the leading jet data (the blue data points) and PYTHIA
tune A (the broken blue line) predictions.

Here we do not expect the leading jet and Z-boson data to agree and it does not.
However, PYTHIA tune A and tune AW describe the data fairly well.

7.4.4 Correlation Between Mean Transverse Momentum and Multiplicity

The correlation between mean pr and charged multiplicity was first observed by UA1
[72], and then investigated at Tevatron Run 1 [73]. The mean pr (to be distinguished from
the mean event pr) is obtained by summing the pr of all charged tracks in an event then
dividing by the number of such tracks, as in Table 6-6.

This is an important observable. The rate of change of (pr) versus charged multiplicity
is a measure of the amount of hard versus soft processes contributing to collisions and it is
sensitive the modeling of the multipleparton interactions [75]. If only the soft beam-beam
remnants contributed to min-bias collisions then (pr) would not depend on charged
multiplicity. If one has two processes contributing, one soft (beam-beam remnants) and
one hard (hard 2-to-2 partonparton scattering), then demanding large multiplicity would

preferentially select the hard process and lead to a high (pr). However, we see that with
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only these two processes (pr) increases much too rapidly as a function of multiplicity.
Multiple-parton interactions provides another mechanism for producing large multiplicities
that are harder than the beam-beam remnants, but not as hard as the primary 2-to-2 hard
scattering.

Figure 7-43 shows the data corrected to the particle level on the average pr of charged
particles versus the multiplicity for charged particles with pr > 0.5 GeV/c and |n| < 1
for Z-boson events from this analysis. HERWIG (without MPI) predicts the (pr) to rise
too rapidly as the multiplicity increases. For HERWIG (without MPI) large multiplicities
come from events with a high pr Z-boson and hence a large pr ‘away-side’ jet. This can be
seen clearly in Figure 7-44 which shows the average pr of the Z-boson versus the charged
multiplicity. Without MPI the only way of getting large multiplicity is with high pr(Z)
events. For the models with MPI one can get large multiplicity either from high pr(Z)
events or from MPI and hence (pr(Z)) does not rise as sharply with multiplicity in accord
with the data. PYTHIA tune AW describes the data Z-boson fairly well.

Figure 7-45 shows the data corrected to the particle level on the average pr of charged
particles versus the multiplicity for charged particles with pr > 0.5 GeV/c and |n| < 1
for Z-boson events in which pr(Z) < 10 GeV/c. We see that (pr) still increases as
the multiplicity increases although not as fast. If we require pr(Z) < 10 GeV/c, than
HERWIG (without MPI) predicts that the (pr) decreases slightly as the multiplicity
increases. This is because without MPI and without the high pr ‘away-side’ jet which
is suppressed by requiring low py(Z), large multiplicities come from events with a lot
of initial-state radiation and the particles coming from initial-state radiation are ‘soft’.
PYTHIA tune AW describes the behavior of (pr) versus the multiplicity fairly well even
when we select pr(Z) < 10 GeV/c. This strongly suggests that MPI are playing an

important role in both these processes.
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Figure 7-5. Drell-Yan transverse region charged multiplicity density, electron and muon
data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune
AW and HERWIG predictions and the data are corrected back to particle level
(with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-6. Drell-Yan toward region charged multiplicity density, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Lines represents PYTHIA tune AW,
HERWIG and HERWIG+JIMMY predictions and the data are corrected back
to particle level (with errors that include both the statistical error and the
systematic uncertainty).
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Figure 7-7. Drell-Yan away region charged multiplicity density, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune AW
and HERWIG predictions and the data are corrected back to particle level
(with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-8. Drell-Yan transMAX and transMIN regions charged multiplicity density,
electron and muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines
represent PYTHIA tune AW and HERWIG predictions and the data are
corrected back to particle level (with errors that include both the statistical
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Figure 7-9. Drell-Yan transDIF region charged multiplicity density, electron and muon
data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune
AW and HERWIG predictions and the data are corrected back to particle level
(with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-10. Drell-Yan transverse region charged pr sum density, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune AW
and HERWIG predictions and the data are corrected back to particle level
(with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-11. Drell-Yan toward region charged ppr sum density, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune AW,
HERWIG and HERWIG+JIMMY predictions and the data are corrected
back to particle level (with errors that include both the statistical error and
the systematic uncertainty).
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Figure 7-12. Drell-Yan away region charged pr sum density, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Lines represents PYTHIA tune AW
and HERWIG predictions and the data are corrected back to particle level
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Figure 7-13. Drell-Yan transMAX and transMIN region charged pr sum density, electron
and muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent
PYTHIA tune AW and HERWIG predictions and the data are corrected back
to particle level (with errors that include both the statistical error and the
systematic uncertainty).
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Figure 7-14. Drell-Yan transDIF region charged py sum density, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune AW
and HERWIG predictions and the data are corrected back to particle level
(with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-15. Drell-Yan transverse region charged pr average, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Solid line represents PYTHIA tune
AW predictions and the data are corrected back to particle level (with errors
that include both the statistical error and the systematic uncertainty).
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Figure 7-16. Drell-Yan toward region charged pr average, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Solid line represents PYTHIA tune
AW predictions and the data are corrected back to particle level (with errors
that include both the statistical error and the systematic uncertainty).
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Figure 7-17. Drell-Yan away region charged pr average, electron and muon data combined
(pr > 0.5 GeV/c and |n| < 1). Solid line represents PYTHIA tune AW
predictions and the data are corrected back to particle level (with errors that
include both the statistical error and the systematic uncertainty).
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Figure 7-18. Drell-Yan transverse region charged py maximum, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Solid line represents PYTHIA tune
AW predictions and the data are corrected back to particle level (with errors
that include both the statistical error and the systematic uncertainty).
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Figure 7-19. Drell-Yan toward region charged pr maximum, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Solid line represents PYTHIA tune
AW predictions and the data are corrected back to particle level (with errors
that include both the statistical error and the systematic uncertainty).
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Figure 7-20. Drell-Yan away region charged pr maximum, electron and muon data
combined (pr > 0.5 GeV/c and |n| < 1). Solid line represents PYTHIA tune
AW predictions and the data are corrected back to particle level(with errors
that include both the statistical error and the systematic uncertainty)
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Transverse and Toward Region Charged Particle Density: dN/dnde I
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Figure 7-21. Overlaying Drell-Yan transverse and toward regions charged multiplicity
density, electron and muon data combined (pr > 0.5 GeV/c and |n| < 1).
Lines represent PYTHIA tune AW predictions and the data are corrected
back to particle level (with errors that include both the statistical error and
the systematic uncertainty).

Transverse (MAX, MIN) and Toward Region Charged Particle Density: dN/dnd¢ I

o
©

'
@+
-
—e-
P

? - CDF Run 2 Preliminary L~2.7f0"
S 1-8; p+> 0.5 GeV/cand |n| <1
ﬁ 16 =mmmmeeen Toward:PYTHIA Tune AW
o Uk ] Toward: Data
© r TransMAX: PYTHIA Tune AW
= o TransMAX: Dat
S - TransMIN: PYTHIA Tune AW
< 1.2F TransMIN: Data [ [ {
@ r 1 °
r 1
S F 70<M,<110Gevid bbplt e
s F —1 ]
o r
S
@
Qo
£
S
b4

o.si

0.4; j;j{l@.i*-{'.}*%%i{'*%%.
0.2?

L ‘1‘0‘ l ‘2‘0‘ - ‘3‘0‘ ) ‘4‘0‘ N ‘5‘0‘ - ‘6‘0‘ - ‘7‘0‘ — ‘8‘0‘ = ‘9‘0‘ ~Too

Transverse Momentum of Lepton Pair (GeV/c)

Figure 7-22. Overlaying Drell-Yan transMAX, transMIN and toward regions charged
multiplicity density, electron and muon data combined (pr > 0.5 GeV/c and
In| < 1). Lines represent PYTHIA tune AW predictions and the data are
corrected back to particle level (with errors that include both the statistical
error and the systematic uncertainty).
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All Three Regions Charged Particle Density: dN/dr]d(p|
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Figure 7-23. Overlaying Drell-Yan all three regions charged multiplicity density, electron
and muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent
PYTHIA tune AW predictions and the data are corrected back to particle
level (with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-24. Overlaying Drell-Yan transverse and toward regions charged pr sum density,
electron and muon data combined (py > 0.5 GeV/c and |n| < 1). Lines
represent PYTHIA tune AW predictions and the data are corrected back to
particle level (with errors that include both the statistical error and the
systematic uncertainty).
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Figure 7-25. Overlaying Drell-Yan transMAX, transMIN and toward regions charged pp
sum density, electron and muon data combined (pr > 0.5 GeV/c and |n| < 1).
Lines represent PYTHIA tune AW predictions and the data are corrected
back to particle level (with errors that include both the statistical error and
the systematic uncertainty).
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Figure 7-26. Overlaying Drell-Yan all three regions charged pr sum density, electron and
muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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Figure 7-27. Overlaying Drell-Yan transverse and toward
electron and muon data combined (pr > 0.5

regions charged pr average,
GeV/c and |n| < 1). Lines

represent PYTHIA tune AW predictions and the data are corrected back to
particle level (with errors that include both the statistical error and the

systematic uncertainty).
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Figure 7-28. Overlaying Drell-Yan all three regions charged pr average, electron and muon
data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune
AW predictions and the data are corrected back to particle level (with errors
that include both the statistical error and the systematic uncertainty).
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Figure 7-29. Overlaying Drell-Yan transverse and toward regions charged pr maximum,
electron and muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines
represent PYTHIA tune AW predictions and the data are corrected back to
particle level (with errors that include both the statistical error and the
systematic uncertainty).
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Figure 7-30. Overlaying Drell-Yan all three regions charged pr maximum, electron and
muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).

95



All Three Regions Combined Number of Charged Particles I
30

CDF Run 2 Preliminary L~2.7fb™
P> 0.5 GeV/cand n| <1

Combined PYTHIA Tune AW
. Combined Data

70 < M < 110 GeV/&

25

20

15

Number of Charged Particles

10

cova b b b b b b e b Ly
0 10 20 30 40 50 60 70 80 90 100
Transverse Momentum of Lepton Pair (GeV/c)

o

Figure 7-31. Drell-Yan all three regions charged multiplicity density added up, electron
and muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent
PYTHIA tune AW predictions and the data are corrected back to particle
level (with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-32. Drell-Yan all three regions charged pr sum density added up, electron and
muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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Figure 7-33. Drell-Yan transverse region charged multiplicity density, compared with
leading jet result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA
tune A and tune AW predictions and the data are corrected back to particle
level (with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-34. Drell-Yan transverse region charged py sum density, compared with leading
jet result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune A and
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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Figure 7-35. Drell-Yan transverse region charged pr average, compared with leading jet
result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune A and
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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Figure 7-36. Drell-Yan transverse region charged py maximum, compared with leading jet
result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune A and
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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TransMAX and transMIN Charged Particle Density: dN/dndg |
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Figure 7-37. Drell-Yan transMAX and transMIN regions charged multiplicity density,
compared with leading jet result (pr > 0.5 GeV/c and |n| < 1). Lines
represent PYTHIA tune A and tune AW predictions and the data are
corrected back to particle level (with errors that include both the statistical
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TransDIF Charged Particle Density: dN/dnde I
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Figure 7-39. Drell-Yan transDIF region charged multiplicity density, compared with
leading jet result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA
tune A and tune AW predictions and the data are corrected back to particle
level (with errors that include both the statistical error and the systematic
uncertainty).
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Figure 7-40. Drell-Yan transDIF region charged pr sum density, compared with leading jet
result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune A and
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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lAway Region Charged Particle Density: dN/dndcpI
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Figure 7-41. Drell-Yan away region charged multiplicity density, compared with leading jet
result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune A and
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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Figure 7-42. Drell-Yan away region charged pr sum density, compared with leading jet
result (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA tune A and
tune AW predictions and the data are corrected back to particle level (with
errors that include both the statistical error and the systematic uncertainty).
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Average Pair p; versus Charged Multiplicity
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Figure 7-43. Drell-Yan charged pr average and charged multiplicity correlation, electron
and muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent
PYTHIA tune AW, HERWIG and HERWIG+JIMMY predictions and the
data are corrected back to particle level (with errors that include both the
statistical error and the systematic uncertainty).
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Figure 7-44. Drell-Yan pair py average and charged multiplicity correlation, electron and
muon data combined (pr > 0.5 GeV/c and |n| < 1). Lines represent PYTHIA
tune A, HERWIG and HERWIG+JIMMY predictions and the data are
corrected back to particle level (with errors that include both the statistical
error and the systematic uncertainty).
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Average Charged p, versus Charged Multiplicity (Z-p; < 10 GeV/c)
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Figure 7-45. Drell-Yan charged p; average and charged multiplicity correlation, with
Z-pr < 10 GeV /e, electron and muon data combined (pr > 0.5 GeV/c and
In| < 1). Lines represent PYTHIA tune AW, HERWIG and
HERWIG+JIMMY predictions and the data are corrected back to particle
level (with errors that include both the statistical error and the systematic
uncertainty).
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CHAPTER 8
SUMMARY AND CONCLUSION

8.1 Conclusions

Observables that are sensitive to the underlying event in Drell-Yan lepton-pair
production in the mass region of the Z-boson have been presented and compared with
several QCD Monte Carlo models. The data are corrected to the particle level and
compared with the Monte Carlo models at the at the particle level (i.e. generator level).
The primary goal of this analysis is to produce data that can be used by the theorists to
tune and improve the QCD Monte Carlo models of the underlying event that are used
to simulate hadron-hadron collisions. The data presented here are very important for
improving the QCD Monte-Carlo MPI models.

The underlying event observables are found to be essentially flat with the increasing
lepton pair transverse momentum in the transverse and toward regions, but increases in
the away region to balance the Z-boson pr. We observed a slight excess at transverse
region compared to toward region, which is caused by transverse regions receiving
contributions from initial state radiation. We observed very good agreements with
PYTHIA tune AW Monte Carlo predictions, although the agreement between theory and
data is not perfect. We also compared them with leading jet underlying event results and
observed reasonably close agreement - which may indicate the universality of underlying
event modeling. We have to note that dijet and Drell-Yan events have distinctly different
topologies. At very low pr, Z-boson still has a large invariant mass, whereas there can
be no leading jet in that region - which explains the apparent differences between dijet
and Drell-Yan underlying events in low pr region. The away-side jet is not constrained
to be in the away region in either cases, and their probability distribution for being at a
certain 1 range are different for each case. That explains the difference of leading jet with
Drell-Yan underlying event results. The leading jet data show slightly more activity in

the underlying event than PYTHIA tune A. All the tunes with MPI agree much better
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than HERWIG without MPI. This is especially true for the toward region in Z-boson
production. Adding JIMMY MPI to HERWIG greatly improves the agreement with
data, but HERWIG with JIMMY MPI produces a charged particle py spectra that is
considerably ‘softer’ than the data. The PYTHIA ATLAS tune also produces a charged
particle pr spectra that is considerably ‘softer’ than the data.

The behavior of the average charged particle pr versus the charged particle
multiplicity is an important observable. The rate of change of (pr) versus charged
multiplicity is a measure of the amount of hard versus soft processes contributing and it
is sensitive the modeling of the multiple-parton interactions. The general trend is that
the tracks in high-multiplicity events are harder on average than in low multiplicity ones.
Mean pr increases at low multiplicity, which suggests that an increasing contribution
from hard gluon production, as proposed in [74]. We also see that the tunes roughly agree
for low-multiplicity events, however none of the Monte Carlo event generators, including
PYTHIA could not reproduce the full final state correlation before, although a great
progress has been done since Run 1. The naive expectation from an uncorrelated system
of strings decaying to hadrons would be that (p,) should be independent of N¢p,. To
make the average p, rise sufficiently to agree with Tevatron data, tune A incorporate
strong color correlations between final-state partons from different interactions, chosen in
such a way as to minimize the resulting string length [75].

PYTHIA tune A and tune AW do a good job in describing the data on (p,) versus
multiplicity for min-bias [77] and Z-boson events, respectively, although again the
agreement between theory and data is not perfect. It has been seen that that the behavior
of (pr) versus multiplicity is remarkably similar for min-bias events and Z-boson events
with pr(Z) < 10 GeV/c suggesting that MPI are playing an important role in both these
processes. Measurements of these distributions, both at present and future colliders, would
therefore add another highly interesting and complementary piece of information on the

physics processes.
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8.2 Looking Ahead to the LHC

The ‘Large Hadron Collider’, situated at the European Organization for Nuclear
Research (CERN) in France-Switzerland border, is expected to start colliding proton-proton
beams at 7 times more center of mass energy and 100 times more luminosity than the
Tevatron soon. We do not know what we will see at the LHC. Clearly the underlying
event will be one of the first measurements and we may have to re-tune the QCD Monte
Carlo models at that time. Early analyses in LHC would be geared toward tuning the
QCD Monte Carlo models. The number of Z-boson events would be order of magnitude
larger, resulting in better analysis of Z-boson Drell-Yan events.

The underlying event measurement plan at the LHC benefits from the solid
experience of the CDF studies. The predictions on the amount of activity in transverse
region at the LHC are based on extrapolations from lower energy data (mostly from the
Tevatron). All the underlying event models have to be tested and adjusted at the LHC,
in particular we know very little about the energy dependents of MPI in going from the

Tevatron to the LHC. A step by step expectation of progress can be as follows,

1. The first pb~! of collected data will be mainly intended to calibrate the different
analysis tools, however, even with such a low integrated luminosity, it will be possible
to perform the first evaluation of the underlying event activity in jet events.

2. With 10 pb~! and a partially calibrated detector, it will be possible to take under
control the systematics on the underlying event observables, keeping them at the
level of the statistical errors and achieving a clear discrimination power between the
considered underlying event models.

3. Extending the statistics to 100 pb~!, adopting the ratio observables, i.e. an original
methodology which exploit the homogeneous performances of the track reconstruction
for pr > 1.5 GeV/c and pr > 0.9 GeV/c, it will be possible to distinguish between
more subtle differences of the investigated models.

The plan will involve two phases. Phase 1 will be to measure min-bias and the
underlying event as soon as possible (when the luminosity is low), perhaps during
commissioning and then tune the QCD Monte-Carlo models for all the other analyses.

As the measurements become more reliable the QCD Monte-Carlo models can be retuned
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if necessary. Phase 2 is ‘physics’ and would include comparing the min-bias and underlying

event measurements at the LHC with the measurements we have done at CDF.
Extrapolating CDF underlying event data to LHC energies [76], we can see that the

underlying event is much more active at the LHC. As shown in Figure. 8.1, PYTHIA

tune DWT predict about a factor of two increase in charged particle density in going from

the Tevatron to the LHC in the toward region. For HERWIG (without MPI) the toward

region of Z-boson production does not change much in going from the Tevatron to the

LHC.

| Toward" Gharged Particle Density: dN/dndd|

pe
=

CDF Run 2 Preliminary = “Drell-¥an Production”
data corrected | LHCA4 § 7 < Mi{pair} < 110 GeW
pyDWUT generator level h 3’

g
in
S

=
in
i
3
Hh
HM
.
r %
i =]

"Toward" Charged Density
=
=
b=y
5
3
i
:
-]

=L 4;1: """"""""""
Charged Particles {[m=1.0, PT=0.5 GeVic)
excluding the lepton-pair

=
=)

o 25 50 s 100 126 150
PT{Z-Boson) (GeVic)

Figure 8-1. Extrapolating charged particle density to LHC energies, 10 TeV and 14 TeV
and they are compared with Tevatron data.

However, comparing the underlying event predictions for the LHC generated by
models, tuned to the available data, dramatic disagreements in their predictions at
LHC energies has been observed [75]. That tells us that improved models for the soft
component of hadronic collisions are needed. Future studies should focus on tuning the
energy dependence for the event activity in both minimum bias and the underlying event,
which at the moment seems to be one of the least understood aspects of all the models.
Going beyond the underlying event studies, an important first step in LHC would
be to ‘rediscover’ the standard model, Drell-Yan process is one of the cleanest signature
for that. The procedure followed uses a part of the Drell-Yan mass spectrum where no

evidence of new physics is expected to be observed as a control region. This is used
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to determine a differential cross section and show it is consistent with the theoretical
standard model prediction. Having thus demonstrated that the detector performance and
reconstruction procedures are well understood, a search can be made for deviations from
the standard model predictions in the new physics search region.
8.3 Final Words

We are making good progress in understanding and modeling the underlying event
in jet production and in Drell-Yan. CDF tune A and tune AW describe the data very
well, although not perfect. We do not yet have a perfect fit to all the features of the CDF
underlying event data. One will learn a lot about the energy dependence of the underlying
event (i.e. multiple parton interactions) by comparing the Tevatron results with the
LHC. It is critical to have sensible underlying event models containing our best physical

knowledge and intuition, tuned to all relevant available data.
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APPENDIX A
ALL THE NUMBERS

All the PYTHIA tune AW results and corrected data with uncertainities, are shown
in Tables 1-12. The uncertainties combine the systematic and statistical errors, as
described in Section 7.3. The leftmost column represents the mean value of the lepton
pair pr bin in Tables 1-10, where we plotted observables sensitive to the underlying event
as a function of the lepton pair transverse momentum. In Tables 11-12 it shows the mean
value of the number of charged particles bin, for the correlation plots. For charged particle
multiplicity density and charged transverse momentum sum density, the transDIF region
values can be arrived at subtracting the transMIN number from the transMAX number,
and adding the errors in quadrature. These numbers would be useful for tuning QCD
Monte Carlo models.

Table A-1. Charged multiplicity density, PYTHIA tune AW (against lepton-pair pr)

Bin  Transverse Toward Away
GeV/e

2.5 0.441190 0.418331 0.479415
7.5 0.470772  0.419169 0.638781
12.5 0.500077  0.421604 0.850426
17.5 0.523195  0.425564 1.025657
22.5 0.533850  0.430954 1.175714
27.5 0.549803  0.432943 1.308171
32.5 0.557136  0.452685 1.431647
37.5 0.553822  0.453690 1.534813
42.5 0.587647  0.457477 1.630054
47.5 0.578597  0.475882 1.753414
52.5 0.576789  0.473830 1.801447
57.5 0.582709  0.482203 1.916967
62.5 0.594417  0.492864 2.012411
67.5 0.607022  0.495092 2.071695
72.5 0.615075  0.507306 2.146753
77.5 0.617776  0.512032 2.250419
82.5 0.597395  0.513534 2.257926
87.5 0.615164  0.548623 2.357177
92.5 0.600291  0.559118 2.438531
97.5 0.634956  0.526936 2.497159
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Table A-2. Charged multiplicity density data (against lepton-pair pr)

Bin Transverse Toward Away
Value Error Value Error Value Error
GeV/c

2.5 0.429884 0.038157 0.394497 0.036894 0.486882 0.033712
7.5 0.464533 0.037487 0.410879 0.040925 0.664962 0.030201
12,5 0.496781 0.035923 0.418955 0.041376 0.851113 0.027811
17.5  0.516205 0.041102 0.437691 0.038758 1.022872 0.027655
22.5  0.544145 0.039504 0.443163 0.042726 1.167422 0.033574
27.5  0.578553 0.040471 0.461998 0.038099 1.310917 0.032239
32,5 0.576329 0.039492 0.477200 0.049888 1.427107 0.042026
37.5  0.582738 0.046551 0.474845 0.040970 1.537229 0.048104
42.5  0.611854 0.044120 0.503003 0.039115 1.598780 0.054693
47.5  0.595556 0.053481 0.488912 0.063972 1.739524 0.065100
52.5  0.657754 0.066325 0.531948 0.077630 1.781017 0.074037
57.5  0.618262 0.058964 0.497831 0.054962 1.877647 0.087225
62.5  0.696817 0.071029 0.563499 0.070858 2.022402 0.097893
67.5  0.684587 0.110465 0.519012 0.096435 2.059067 0.112770
72.5  0.625926 0.091369 0.460939 0.126092 2.121736 0.131604
77.5  0.724213 0.082703 0.539187 0.087076 2.313125 0.153275
82.5  0.731066 0.168224 0.589533 0.099774 2.346208 0.188234
87.5  0.627164 0.098195 0.572404 0.087589 2.223688 0.198621
92.5  0.632667 0.108149 0.622034 0.116974 2.391968 0.231219
97.5  0.714989 0.121684 0.470167 0.160005 2.674708 0.259181
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Table A-3. Charged pr sum density, PYTHIA tune AW (against lepton-pair pr)

Bin  Transverse Toward Away
GeV/e  GeV/e GeV/c GeV/c

2.5 0.458245  0.435136  0.502786
7.5 0.495159  0.437808  0.716589
12.5 0.542187  0.443978  1.099718
17.5 0.581743  0.453351  1.523039
22.5 0.606412  0.463395 1.962397
27.5 0.647387  0.470380 2.416142
32.5 0.654183  0.502914  2.898896
37.5 0.667357  0.507156  3.418044
42.5 0.728854  0.518889  3.893382
47.5 0.727751  0.555202  4.539055
52.5 0.731746  0.569164  4.977417
57.5 0.753441  0.572198 5.531202
62.5 0.758833  0.600996  6.144451
67.5 0.783532  0.601835 6.754558
72.5 0.824861  0.621673  7.245184
77.5 0.812477  0.644294  8.033557
82.5 0.802204  0.637957  8.430855
87.5 0.827394  0.710648  9.125223
92.5 0.874152  0.733983  9.518611
97.5 0.937036  0.681010 10.551207
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Table A-4. Charged pr sum density data (against lepton-pair pr)

Bin Transverse Toward Away
Value Error Value Error Value Error
GeV/e GeV/e GeV/e GeV/e  GeV/e GeV/c GeV/c

2.5 0.435353 0.033201 0.393518 0.034510 0.498280 0.032182
7.5 0.476574 0.035259 0.420491 0.037838 0.748463 0.026186
12,5 0.539774 0.032616 0.441382 0.037244 1.106640 0.026554
17.5  0.585860 0.035985 0.466674 0.042250 1.511777 0.029158
22.5  0.635768 0.040039 0.488703 0.046940 1.953986  0.044708
27.5  0.726045 0.044749 0.521995 0.034412 2.410755 0.061629
32.5  0.728270 0.058797 0.558309 0.051983 2.806844  0.086266
37.5 0.758152 0.075726 0.556142 0.069268 3.435244 0.116663
42.5  0.816635 0.081684 0.624332 0.062531 3.736872 0.145178
475  0.826132 0.105806 0.579718 0.076768 4.354338  0.184326
52.5  0.918274 0.143548 0.661404 0.128346 4.852975  0.247982
57.5  0.912018 0.141009 0.598869 0.074299 5.204942 0.278039
62.5  1.003324 0.134020 0.757249 0.141355 6.124513  0.365690
67.5  1.109576 0.186670 0.625478 0.128585 6.721900 0.453112
72.5  1.118531 0.318298 0.649719 0.178431 7.137591  0.576299
77.5  1.184121 0.223088 0.734957 0.177753  7.803639  0.604408
82.5  1.355219 0.486744 0.738952 0.185608 8.326511  0.768287
87.5  1.005107 0.340244 0.791880 0.210908 8.683425 0.831823
92.5  0.899535 0.201231 0.895497 0.234016 8.792476  0.948472
97.5  1.228571 0.360561 0.728358 0.356800 10.454969 1.098841
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Table A-5. TransMAX and transMIN charged multiplicity density and charged pr sum
density, PYTHIA tune AW (against lepton-pair pr)

Bin  TransMAX Nc¢pg TrasMIN Nep,  TrasMAX ppsum  TrasMIN pprsum

GeV/c GeV/c GeV/c
2.5 0.681689 0.200692 0.726900 0.189590
7.5 0.723537 0.218008 0.783542 0.206776
12.5 0.766365 0.233788 0.858775 0.225599
17.5 0.802573 0.243817 0.924256 0.239229
22.5 0.822073 0.245627 0.970102 0.242723
27.5 0.845068 0.254538 1.041085 0.253689
32.5 0.858854 0.255417 1.052669 0.255696
37.5 0.854451 0.253194 1.082424 0.252290
42.5 0.912864 0.262431 1.191250 0.266458
47.5 0.897962 0.259232 1.191606 0.263895
52.5 0.903548 0.250030 1.211993 0.251500
27.5 0.912159 0.253260 1.244784 0.262098
62.5 0.930124 0.258710 1.255885 0.261780
67.5 0.955370 0.258673 1.307165 0.259899
72.5 0.958890 0.271261 1.370470 0.279251
77.5 0.974342 0.261209 1.338983 0.285970
82.5 0.935092 0.259698 1.315115 0.289294
87.5 0.977201 0.253127 1.410893 0.243895
92.5 0.948702 0.251880 1.443948 0.304356
97.5 1.002132 0.267780 1.545278 0.328794
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Table A-6. TransMAX and transMIN charged multiplicity density and charged pr sum
density, data (against lepton-pair pr)

Bin TransMAX Nepg TransMIN Nep, TransMAX prsum  TransMIN prsum
Value Error Value Error Value Error Value Error
GeV/c GeV/e  GeV/e GeV/e  GeV/e

2.5 0.652947 0.032777 0.207180 0.054345 0.682521 0.029262 0.186298 0.039296
7.5 0.704123 0.030430 0.225341 0.059979 0.747338 0.029862 0.206169 0.057880
12.5  0.747106 0.032524 0.247104 0.047265 0.844706 0.031363 0.235472 0.046417
17.5  0.784411 0.037544 0.248306 0.055896 0.931457 0.040469 0.240272 0.048383
22.5  0.829307 0.036130 0.259271 0.057549 1.012554 0.045016 0.259210 0.050868
27.5  0.887771 0.036803 0.269432 0.067802 1.174713 0.059538 0.277196 0.059470
32,5  0.878680 0.042377 0.274294 0.048100 1.165724 0.081922 0.291482 0.038390
37.5  0.882859 0.051289 0.283282 0.051002 1.210065 0.100767 0.307016 0.069879
42.5  0.941064 0.049560 0.282977 0.073549 1.324690 0.117749 0.309257 0.112795
47.5  0.921546 0.060993 0.269981 0.075409 1.370427 0.160439 0.281340 0.090005
52.5  1.015435 0.086519 0.299994 0.043912 1.535381 0.206598 0.301115 0.093833
57.5  0.963857 0.076236 0.272753 0.074410 1.518061 0.204742 0.305107 0.185526
62.5  1.062772 0.090163 0.332060 0.086639 1.660973 0.227768 0.346003 0.095723
67.5  1.040877 0.127219 0.330606 0.113895 1.867771 0.324943 0.351494 0.156356
72.5  0.969563 0.111253 0.282414 0.117114 1.875308 0.505442 0.364041 0.159212
77.5  1.151519 0.129996 0.296909 0.081715 2.005456 0.391962 0.355573 0.101484
82.5  1.101488 0.199906 0.364792 0.175006 2.132673 0.691309 0.604039 0.377265
87.5  0.998426 0.146082 0.256701 0.116415 1.784530 0.604915 0.233006 0.142828
92.5  0.982737 0.159731 0.284172 0.087757 1.427561 0.307590 0.388592 0.158239
97.5  1.079437 0.168153 0.354878 0.107867 1.946477 0.570819 0.526910 0.313929

114



Table A-7. Charged pr average, PYTHIA tune AW (against lepton-pair pr)

Bin  Transverse Toward Away
GeV/e  GeV/e GeV/e  GeV/e

2.5 0.977961  0.983135 0.998049
7.5 0.988433  0.986118 1.076857
12.5 1.009190  0.992081 1.250226
17.5 1.027735  0.996923 1.434610
22.5 1.044285  1.005538 1.605390
27.5 1.067319  1.006092 1.776252
32.5 1.065266  1.020673 1.947544
37.5 1.083514  1.026808 2.144531
42.5 1.092631  1.038639 2.314193
47.5 1.118515  1.040122 2.538778
52.5 1.100632  1.051193 2.695855
57.5 1.126394  1.054374 2.830105
62.5 1.116889  1.066706 3.017819
67.5 1.122719  1.064898 3.253468
72.5 1.147589  1.064943 3.413978
77.5 1.115415  1.082497 3.583574
82.5 1.153103  1.087685 3.776584
87.5 1.159050  1.108540 3.818242
92.5 1.162041  1.123290 3.966906
97.5 1.187338  1.086748 4.365540
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Table A-8. Charged pr average data (against lepton-pair pr)

Bin Transverse Toward Away
Value Error Value Error Value Error
GeV/e GeV/e GeV/e GeV/e GeV/e GeV/e  GeV/e
2.5 0.968115 0.011853 0.962479 0.009494 0.984619 0.008372
7.5 0.980862 0.007551 0.983285 0.012364 1.097828 0.010841
12,5 1.027762 0.015244 1.003831 0.015091 1.270614 0.016865
17.5  1.057594 0.029479 1.017353 0.023568 1.437161 0.020945
22,5 1.083772 0.020892 1.025372 0.023243 1.606906 0.027743
27.5  1.119088 0.030729 1.050930 0.026503 1.771939 0.036892
32.5  1.127434 0.038913 1.061525 0.042759 1.873190 0.049100
37.5  1.148774 0.042751 1.052937 0.042902 2.166247 0.075460
42.5  1.141964 0.047243 1.119506 0.061264 2.276723 0.088834
475  1.172658 0.054550 1.065805 0.079399 2.538655 0.150962
52.5  1.202899 0.066749 1.049046 0.059243 2.627952 0.137523
57.5  1.239558 0.085639 1.033265 0.055307 2.657019 0.141937
62.5  1.230943 0.097713 1.180433 0.136818 2.997993 0.207739
67.5  1.354040 0.133989 1.029608 0.074460 3.326541 0.303504
72.5  1.438946 0.207718 1.163404 0.135485 3.279669 0.285294
77.5  1.352431 0.175030 1.250588 0.180895 3.299840 0.259023
82.5  1.360674 0.183000 1.099546 0.114660 3.489132 0.371706
87.5  1.270004 0.169970 1.237109 0.245494 4.007693 0.498593
92.5  1.229490 0.154037 1.226441 0.171063 3.625865 0.380772
97.5  1.302693 0.183910 1.230726 0.234870 4.001531 0.436877
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Table A-9. Charged pr maximum, PYTHIA tune AW (against lepton-pair pr)

Bin  Transverse Toward Away
GeV/e  GeV/e GeV/c GeV/c

2.5 1.297300  1.304026 1.347412
7.5 1.334228  1.312690 1.577113
12.5 1.399653  1.329666 2.100229
17.5 1.452787  1.346580 2.727001
22.5 1.501545  1.364594  3.381393
27.5 1.574993  1.380164 4.062150
32.5 1.568925  1.415379 4.764334
37.5 1.623508  1.437615 5.527891
42.5 1.679240  1.463455 6.278535
47.5 1.722461  1.512675  7.235626
52.5 1.713105  1.560187  7.929144
57.5 1.755433  1.534377 8.541471
62.5 1.724520  1.565038  9.548020
67.5 1.801966  1.582820 10.363932
72.5 1.854602  1.591514 11.350276
77.5 1.780472  1.629370 12.294122
82.5 1.858147  1.611543 13.099581
87.5 1.860280  1.741029 13.482826
92.5 1.891444  1.794630 14.158522
97.5 1.995710  1.674676 16.340929
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Table A-10. Charged pr maximum data (against lepton-pair pr)

Bin Transverse Toward Away
Value Error Value Error Value Error
GeV/e GeV/e GeV/e GeV/e  GeV/e GeV/c GeV/c

2.5 1.289336 0.016893 1.264720 0.016567 1.339714  0.016762
7.5 1.325593 0.015486 1.321100 0.022684 1.635515 0.019100
12,5 1.445278 0.024467 1.367889 0.026650 2.133847  0.032854
17.5  1.538308 0.058603 1.390166 0.041797 2.712774  0.044442
22.5  1.593405 0.043954 1.458595 0.058912 3.394932  0.080564
27.5  1.737490 0.071508 1.480948 0.052377 4.041536 0.118175
32,5  1.761159 0.097422 1.534991 0.106695 4.602731 0.168460
37.5  1.850037 0.141158 1.556321 0.109647 5.717539  0.235655
42.5 1.911452 0.161787 1.723451 0.132304 6.061238  0.268451
475  1.969359 0.199656 1.642915 0.165170 6.956539  0.373587
52.5  2.013126 0.187737 1.652740 0.235660 7.820367 0.480361
57.5  2.156480 0.299941 1.543367 0.142685 8.016521 0.523943
62.5  2.141188 0.260937 1.888659 0.307539 9.412107 0.801335
67.5  2.513503 0.381959 1.538327 0.199495 10.582969 1.059326
72,5 2.942115 0.933515 1.878273 0.470510 11.189622 1.215337
77.5 2443905 0.470712 1.954935 0.378772 11.800685 1.040150
82.5  2.728654 0.797302 1.743511 0.344723 12.394446 1.518707
87.5  2.450618 0.914335 2.156266 0.653224 13.812913 1.818187
92.5  1.940730 0.317366 2.123585 0.552999 13.709188 1.735494
97.5  2.587987 0.716815 2.528047 1.613327 15.66572 2.132479
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Table A-11. Correlation, PYTHIA tune AW (against charged multiplicity)

Bin Charged pr average Z-boson pr Charged pr average(Z-pr < 10 GeV/c)
(Z-boson pr < 10GeV/c)

GeV/c GeV/c GeV/c
0.5 0.000000 7.281554 0.000000
1.5 0.880256 7.745971 0.851537
2.5 0.949484 8.335976 0.900177
3.5 1.015241 8.892390 0.938501
4.5 1.075084 9.634406 0.972826
5.5 1.121440 10.355534 0.994868
6.5 1.167467 10.967258 1.017383
7.5 1.200338 11.797971 1.038834
8.5 1.236853 12.632196 1.053885
9.5 1.261768 13.264112 1.066997
10.5 1.295990 14.211138 1.085186
11.5 1.310715 14.961679 1.096542
12.5 1.334410 15.843349 1.108661
13.5 1.367908 16.984150 1.118061
14.5 1.389122 17.852399 1.130039
15.5 1.408269 19.134403 1.138610
16.5 1.432441 20.140832 1.151225
17.5 1.479279 21.969024 1.160803
18.5 1.496516 23.057088 1.170455
19.5 1.548315 25.605709 1.173441
20.5 1.558440 26.561321 1.188392
21.5 1.606953 29.325691 1.191551
22.5 1.634185 30.990329 1.205351
23.5 1.684246 32.999405 1.228811
24.5 1.747084 35.949880 1.254064
25.5 1.765078 36.428417 1.281778
26.5 1.803864 39.138041 1.268193
27.5 1.913521 45.027361 1.321352
28.5 1.945321 45.240048 1.271546
29.5 1.954607 48.639820 1.246006
30.5 2.028106 50.896419 1.299919
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Table A-12. Correlations, data (against charged multiplicity)

Bin Charged pr average Z-boson pr Charged pr average
(Z-boson pr < 10 GeV/c)
Value Error Value Error Value Error
GeV/e  GeV/c GeV/c GeV/c GeV/c GeV/c
0.5 0.000000 0.000000 6.880756  0.176590  0.000000 0.000000
1.5 0.962075 0.030396 7.898231  0.181074 0.912443 0.028004
2.5 0981561 0.017133 8.583409  0.174970 0.926157 0.018359
3.5 1.038758 0.018983 9.090722  0.178010 0.948536 0.022139
4.5 1.091332 0.019794 10.046453 0.197884 0.977673 0.014655
5.5 1.132328 0.017321 10.825870 0.220835 0.988061 0.011003
6.5 1.153059 0.017643 11.551637 0.259128 0.999313 0.009660
7.5 1.199244 0.020209 12.403667 0.283542 1.014718 0.008465
8.5 1.234035 0.015650 13.369972 0.323761 1.024515 0.015190
9.5 1.261723 0.035583 14.022197 0.362126 1.038935 0.021267
10.5  1.282793 0.020606 14.95841  0.410099 1.046248 0.014807
11.5 1.307791 0.024686 16.37650  0.511125  1.049602 0.011556
12,5 1.351104 0.026124 17.151203 0.593185  1.069046 0.020490
13.5 1.365498 0.036576 18.076207 0.716530 1.077276 0.023259
14.5 1.366173 0.043261 18.091477 0.781606 1.086755 0.020806
15.5 1.393500 0.046936 19.823398 0.912590 1.075179 0.028665
16.5 1.423849 0.036398 20.906292 1.154710 1.101314 0.028657
17.5 1.467522 0.063385 22.493239 1.378022 1.114511 0.032657
18.5 1.507749 0.066635  23.58852  1.575298 1.117973 0.043386
19.5 1.521382 0.051084 25.557341 1.837549 1.118198 0.054123
20.5 1.542902 0.073169 26.128896 2.176544  1.137268 0.051519
21.5  1.620292 0.082402 29.209804 2.786069  1.150230 0.051813
22.5 1.606931 0.107066 29.203141 3.245372 1.159754 0.082760
23.5 1.604221 0.097319 30.205654 3.364320 1.185487 0.140351
24.5 1.703297 0.130266 33.189658 4.340128 1.207592 0.098469
25.5 1.643145 0.119900 32.58106  4.981632  1.334000 0.281803
26.5 1.748688 0.177755 35.622813  5.522897  1.220607 0.111617
27.5 1.753060 0.150570 38.369237 6.323233 1.246973 0.074538
28.5 1.855084 0.163995 37.105194 6.687316 1.145064 0.164292
29.5 1.885025 0.232097 40.692293 10.832211 1.171859 0.172040
30.5 2123252 0.343358 49.169643  9.993295  1.229951 0.139931
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